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ABSTRACT 
A cost-benefit study was made t o  determine the  cost  and 
effectiveness of radioactive waste (radwaste) treatment systems 
f o r  decreasing the  release of radioactive materials from model 
uranium ore processing m i l l s ,  and t o  determine the radiological 
impact (dose commitment) of the released materials on the 
environment. The study i s  designed t o  a s s i s t  i n  defining the  
term "as low as practicable" i n  r e l a t ion  t o  l imit ing the re- 
lease of radioactive materials from nuclear f a c i l i t i e s .  The 
base case model mi l l s  are representative of mil ls  which will 
process a major f rac t ion  of the ore i n  the next 20 years. 
Each m i l l  processes 2,000 short  tons of ore per day. 
radwaste treatment techniques a re  applied t o  the base case m i l l  
and the waste t a i l i n g s  area i n  a se r ies  of case studies t o  
decrease the amounts of radioactive materials released and t o  
reduce the  radiological  dose commitment t o  the  population i n  
the  surrounding area. The cost for the  added waste treatment 
operations and the corresponding dose commitment a re  calculated 
f o r  each case. I n  the f i n a l  analysis,  radiological  dose i s  
p lo t ted  vs the annual cost for treatment of the radwastes. The 
s ta tus  of the  radwaste treatment methods used i n  the case studies 
i s  discussed. 
w i l l  require development and demonstration and i s  not sui table  
f o r  immediate use. 
de ta i led  calculations,  and tabulations are  presented i n  ORNL-TM-4903, 
Volume 2. 
doses are  found i n  ORNL-4992. 
Additional 
Much of t he  technology used i n  the advanced cases 
The methodology used i n  estimating the  costs,  
The methodology and assumptions f o r  the radiological 
1 
CORRELATION OF RADIOACTIVE WASTE TREATMENT COSTS AND THE ENVIRONMEXPAL 
IMPACT OF WASTE EFFLUENTS I N  THE NUCLEAR FUEL CYCLE FOR USE I N  
ESTABLISHING "AS L O W  AS PRACTICABLF:" GUIDES - MILLING OF 
URANIUM oms 
M. B. Sears G. S. H i l l  
R. E. Blanco A. D. Ryon 
R. C .  Dahlman J. P. Witherspoon 
1.0 S-Y AND CONCLUSIONS 
A study w a s  made t o  determine t h e  do l l a r  cost  and effectiveness of 
radioact ive waste (radwaste) treatment systems f o r  decreasing the  amount 
of radioact ive and nonradioactive mater ia ls  released from model uranium 
ore processing m i l l s  and t o  determine t h e  radiological  impact (dose 
commitment) of t he  released radioactive mater ia ls  on the  environment. 
Uranium m i l l s  recover uranium from na tura l  ores as a concentrated, so l id  
product ca l led  "yellow cake", which i s  then shipped t o  a conversion plant  
f o r  fu r the r  pur i f ica t ion  as a s tep  i n  preparing the  uranium for use i n  
nuclear fue ls .  Two model m i l l s ,  which a re  typ ica l  of current ly  operating 
m i l l s  and a re  representative of mills which w i l l  process a major f r ac t ion  
of t he  ore  i n  the  next 20 years, a r e  used as base cases i n  t h i s  study. 
One m i l l  uses the  acid leach--solvent extract ion process and the  second 
t h e  alkaline-leach process. 
o re  per  day which contains 0.2% U ~ O S .  
Each m i l l  processes 2,000 short  tons of 
The uranium i n  the ore i s  i n  
secular equilibrium with i t s  radioactive daughters. 
cur ies  of rad ioac t iv i ty  enters  t h e  m i l l  each day of which 2.0 C i  i s  
uranium and i s  recovered as product. 
i n  t h e  l i qu id  and so l id  wastes ca l l ed  t a i l i n g s ,  which a re  impounded on- 
s i t e  near t h e  m i l l .  
leaching and leave the  m i l l  with t h e  so l id  t a i l i ngs .  
A t o t a l  of 14.4 
The remaining 12.3 C i  i s  discharged 
Most of t he  radionuclides remain insoluble during 
The radionuclides 
of i n t e r e s t  a re  238U, 234U, 226Ra,  230 Th, 234Th, 210Pb, 210Bi ,  210 Po, 
and 222Rn. 
Off-site releases  of radioact ive materials consis t  of airborne ore  
dust,  yellow cake dust, t a i l i n g s  dust,  and radon gas while t h e  m i l l  i s  
active.  
by covering with ear th  topped by rock or vegetation t o  minimize wind and 
After  t he  m i l l  has ceased operations, the  t a i l i n g s  a re  s t ab i l i zed  
2 
water erosion. 
s t ab i l i zed  t a i l i n g s  p i l e  f o r  thousands of years. 
wastes a re  released d i r ec t ly  t o  surface streams. Liquid waste disposal 
i s  by na tura l  evaporation and seepage t o  the  ground beneath t h e  t a i l i n g s  
impoundment area. 
not l i k e l y  t o  contact t h e  t a i l i n g s ,  and no underground migration of t h e  
seepage beyond t h e  plant  boundary i s  expected. This corresponds t o  t h e  
current s t a t e  of knowledge where there  i s  no evidence of underground 
movement of radioactive mater ia ls  beyond t h e  plant  boundary from t a i l i n g s  
areas s i t e d  i n  the  semiarid western s t a t e s  by current standards (Sect, 
9.5.2). L i t t l e  movement i s  predicted i n  a sample calculat ion (Sect. 7.6). 
However, t h e  po ten t i a l  for t h e  underground migration of radioactive 
materials i n  seepage of l i qu id  e f f luents  under some geological conditions, 
or as t h e  r e s u l t  of leaching i f  w a t e r  should contact the tail ings i s  
recognized. 
r a i n f a l l ;  ( 2 )  i n  wet storage areas,  such as spent mines; and (3) i n  the  
event of some fu tu re  geologic o r  meteorological change, which could form 
a f i s su re  under t h e  t a i l i n g s  area, or cause the water t ab le  t o  r i s e  i n t o  
t h e  t a i l i ngs ,  although these considerations a re  not var iables  i n  t h i s  
study. 
However, radon gas w i l l  continue t o  be released from the  
No l i q u i d  or so l id  
The t a i l i n g s  area i s  s i t e d  where na tura l  waters are 
These po ten t i a l  re leases  might occur (1) a t  s i tes  with high 
The waste treatment systems consis t  of methods which (1) reduce t h e  
amounts of airborne radioact ive dusts and radon released from the  m i l l  
and t a i l i n g s  area, ( 2 )  reduce the  amount of  radioactive l i qu id  l o s t  as 
seepage through the  bottom of the t a i l i n g s  area, and (3)  provide t i g h t e r  
long-term containment of the s tored t a i l i n g s .  
t he  nuclear f u e l  cycle, where so l id  wastes a re  shipped o f f - s i t e  t o  an 
approved repository o r  b u r i a l  ground, t he  mil l ing industry must address 
the  problem of  long-term, safe,  on-site disposal  of so l id  wastes. Treat- 
ments t o  reduce t h e  amount of airborne radioactive materials released a re  
correlated w i t h  t he  maximum annual individual  dose commitments (mrem) t o  
t o t a l  body, bone, lung, l i v e r ,  kidney, and spleen at 0.5 mile from the  
model mill, and w i t h  t h e  annual average population t o t a l  body dose (man- rem)  
out t o  a distance of 55 miles. Doses a re  not estimated f o r  t h e  release of 
radioactive seepage or the  po ten t i a l  re lease of leach waters because of 
Unlike other  segments of 
I 
c 
t h e  lack  of t he  de ta i led  information required t o  ca lcu la te  the  underground 
movement of l iqu ids  and dissolved sol ids  and because of the d ive r s i ty  of 
t he  s i t e s  t o  be considered. 
are  correlated with the  amount of radioactive mater ia ls  which might 
po ten t i a l ly  be released i n  seepage o r  leach waters (Sects. 8.6 and 8.7) .  
These treatments provide addi t ional  sa fe ty  i n  the  storage of t he  wastes 
and are  e f fec t ive  i n  reducing po ten t i a l  doses if geologic or meteorologic 
changes should occur i n  t he  future .  
Treatments t o  reduce seepage and leaching 
A s e r i e s  of increasingly e f f i c i e n t  (and exgensive) radwaste treatment 
cases and t h e i r  corresponding flowsheets a r e  presented f o r  t r ea t ing  t h e  
e f f luents  from t h e  model m i l l s  (Sect. 4) .  The general  plan and objectives 
of t h e  s tudies  are  summarized i n  Table 1.1. Many of t he  assumptions and 
treatment cases are  based on the  background survey of present i n d u s t r i a l  
p rac t ices  and laboratory research i n  radwaste management (Sect. 9.0).  
Seven conceptual cases are  considered f o r  t r ea t ing  airborne radwaste from 
the  m i l l  buildings. Similarly,  f i ve  conceptual cases a re  considered f o r  
l i qu id  e f f luents  from t h e  acid-leach m i l l ,  four  f o r  l iqu ids  from the  
alkal ine mill, t en  so l id  radwaste cases f o r  t he  acid-leach m i l l ,  and nine 
so l id  radwaste cases f o r  t h e  alkal ine m i l l .  Treatment of t he  various 
eff luent  streams i s  assessed separately i n  Sects .  4 and 8 before they a re  
combined i n  the  summary cases of Sect. 1.1. Cost-benefit correlat ions of 
t h e  combined treatment methods i n  Sect. 1.1 reveal  only gross comparisons 
and mask many of t h e  components of t h e  cases, where comparisons can be 
made regarding t h e  r e l a t i v e  cost-benefit of a l t e rna t ive  procedures. 
Comparisons of the  components a re  presented i n  Sects. 8.2-8.8. Case 1 
represents current ,  waste treatment methods and provides t h e  base f o r  t he  
incremental analysis. 
but on a l imited basis .  The d i f fe ren t  treatment segments can usual ly  be 
combined i n  other ways - fo r  example, Case 4 m i l l  dust  treatment might be 
used with Case 3 treatment of l iqu ids  and so l ids .  Much of t he  technology 
used i n  t h e  advanced cases has been used i n  other  i n d u s t r i a l  applications 
but has not been applied at uranium m i l l s ;  consequently, some addi t ional  
development work may be required. All costs  a re  estimated on the  bas i s  of 
t h e  construction of a new m i l l  (Sect. 6 ) .  
Some Case 2 and Case 3 methods a re  a l so  used currently,  
Backfitting must be considered 
4 
on an individual  bas i s ,  although the  advanced technology i s  generally 
su i t ed  t o  ex is t ing  p lan ts .  
Each type of model mill i s  assessed at s i t e s  i n  Wyoming and i n  New 
Mexico which have environments t h a t  a re  cha rac t e r i s t i c  of t h e  majority 
of contemporary mil l ing operations. 
processed i n  these two areas. 
and the  meteorologic data  are  derived from nearby f i r s t -o rde r  weather 
s ta t ions .  Both areas a re  characterized by t h e i r  low population dens i t ies ,  
pers i s ten t  winds, and a r i d  climate. 
About 8% of the  tonnage of ore i s  
The population d i s t r ibu t ion  i n  these areas 
The annual mounts of radioactive mater ia ls  re leased ( the  source 
terms, Sect. 4),  t he  capi ta l ,  annual, and contributions t o  power costs  
(Sect. 6 ) ,  and the  radiological  impact ( the  doses, Sect. 7) a re  ca l -  
culated f o r  each case f o r  t he  model solvent extract ion and the  model 
alkaline-leach uranium mi l l s  s i t e d  i n  New Mexico and i n  Wyoming f o r  th ree  
time periods: (1) the  period while t he  m i l l  i s  operating, ( 2 )  t he  interim 
period following m i l l  closure while the t a i l i n g s  dry and before they are  
s tab i l ized ,  and (3) the  period a f t e r  f i n a l  s t ab i l i za t ion  of t he  t a i l i n g s  - 
a t o t a l  of 38 case s tudies  each examined over the  three  time periods. I n  
many cases both the  source terms and the  costs  vary w i t h  the  s i t e .  
i s  i n  addition t o  the  differences i n  the doses caused by differences i n  
the  meteorological dispersion a t  the  two s i t e s .  
t h e  amount of r a i n f a l l  are  two important s i t e  var iables .  The average 
wind ve loc i ty  at t he  New Mexico s i t e  i s  7 mph compared with 10  mph at 
the  Wyoming s i t e .  Since the  amount of t a i l i n g s  dust resuspended by the 
wind increases with the  cube of  the  wind velocity,  the  small difference 
i n  wind veloci ty  makes a difference of a f ac to r  of 13 between t h e  two 
s i t e s  i n  the amount of windblown t a i l i n g s  dust released per acre of exposed, 
dry t a i l i n g s  (Sect. 7.2). The higher wind veloci ty  also causes more d i lu t ion  
of the  m i l l  dusts and radon which a re  released, i . e . ,  lower doses f o r  
equivalent sources i n  Wyoming than i n  New Mexico (Sect.  7 .1) .  
annual evaporation r a t e  which i s  7.25 f t  i n  New Mexico and 4 f t  i n  Wyoming 
determines the  area of the  pond required t o  evaporate the  waste water 
(Sect. 4.4.2.1). 
the  t a i l i n g s  impoundment basin, the  area of wet and dry t a i l i n g s  while the 
This 
The wind veloci ty  and 
The net 
This a f f ec t s  the s i ze  of t h e  t a i l i n g s  dam, the  area of 
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m i l l  i s  operating, and the  area of t a i l i n g s  a f t e r  the  m i l l  closes.  
these var iables  a f fec t  t he  cost  of waste treatment, except for Case 6 
which has a metal evaporator and recycles a l l  l iqu ids .  
t h e  radon source terms (Sect. 4.4.3.2) and the  amount of windblown t a i l i n g s  
dust (Sect. 4.4.3.1) are  proportional t o  the  area of dry t a i l i n g s ,  and 
are  thus r e l a t ed  t o  the  net  evaporation r a t e  a t  t he  s i t e .  I n  addition, 
there  a re  a number of complicated and in t e r r e l a t ed  parameters involved 
i n  t h e  calculat ions which aPe discussed i n  d e t a i l  i n  Sects. 4, 6, and 7. 
A l l  
I n  addition, both 
Unless s t a t ed  otherwise,conservative assumptions ( i . e . ,  those t h a t  
maximize dose or cos t )  are  made i n  estimating source terms, i n  select ing 
e f f ic iency  ra t ings  f o r  equipment, i n  estimating costs ,  i n  defining t h e  
movement of radionuclides i n  t h e  environment, and i n  se lec t ing  food and 
l i q u i d  consumption pa t te rns .  
s i s t e n t  with similar assessments of other  segments of t he  nuclear f u e l  
cycle. Results a re  va l id  only for t h e  conditions specified,  and do not 
represent an average, or any specif ic ,  m i l l .  Maximizing assumptions which 
have a s ign i f icant  impact on t h e  dose include: (1) t h e  hypothetical  in -  
dividual  l i v e s  and produces a l l  of h i s  food, including the  feed f o r  h i s  
animals, 0.5 mile downwind from the  m i l l  i n  t he  prevail ing wind direct ion;  
(2 )  t he  m i l l  processes a 6% moisture ore  which produces a r e l a t i v e l y  large 
amount of dust;  and (3)  source terms f o r  t he  t a i l i n g s  area a re  based on 
t h e  worst year, i . e . ,  t he  twentieth year, when t a i l i n g s  cover the  maximum 
area and t h e  release of radioact ive mater ia ls  i s  a t  a maximum. 
industry i s  highly divers i f ied,  vd each m i l l  must be assessed on an 
Maximizing assumptions were used t o  be con- 
The mil l ing 
individual  basis .  Conclusions drawn from t h e  model m i l l  s tudies  based on 
maximum releases  and maximum doses cannot be applied d i r e c t l y  t o  a spec i f ic  
m i l l  without considering t h e  specif ic  fac tors  applicable t o  tha t  s i t e .  It 
i s  beyond the  scope of t h i s  report  t o  discuss these var iables  i n  de t a i l ;  
however, information has been presented i n  both Sect. 4 and Sect. 7 f o r  
estimating cases other  than the  model m i l l s .  
which shows t h e  highest dose codi tments  ( the  alkaline-leach m i l l  s i t e d  i n  
Wyoming), the maximum annual dose commitment t o  t h e  bone i s  1057 mrem. 
instead of t he  maximizing assumptions, it i s  assumed tha t :  (1) t h e  m i l l  
i s  processing a w e t  ore  using no dust col lector ,  ( 2 )  the  source terms from 
A s  an example, i n  t he  case 
If, 
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t h e  t a i l i n g s  area are  the  average releases  over t he  20-yr l i f e  of the  
mill, and (3)  the  hypothetical  man's d i e t  consis ts  of 5% meat produced 
0.5 mile from the  m i l l  i n  t he  prevail ing wind direct ion,  but a l l  h i s  
other  food i s  imported from outside the  area, then t h e  average annual 
bone dose i s  100 mrem t o  t h e  hypothetical  man l iv ing  0.5 mile downwind. 
If the  area i n  t h e  prevail ing wind d i rec t ion  from the  m i l l  f o r  a distance 
of about 2 miles i s  not used f o r  food production or residences, then t h e  
maximum annual bone dose t o  persons l i v ing  0.5 mile from t h e  m i l l  i n  
d i rec t ions  other  than the  prevail ing wind i s  only about 40 mrem. 
assumptions a re  va l id  for many m i l l s  and s igni f icant ly  lower than t h e  
estimated dose. 
These 
1.1 Airborne and Liquid Effluents from Mill and Tailings 
Area D u r i n g  Mill Operation and A f t e r  Mill Closure 
The t o t a l  annual costs  f o r  reduction of t h e  radiological  dose t o  t h e  
population surrounding t h e  model m i l l s  during m i l l  operation and a f t e r  
m i l l  closure a re  summarized f o r  Cases 1 t o  7 i n  Table 8.1 and Fig. 8.1 
fo r  t h e  model acid leach--solvent extract ion m i l l  a t  New Mexico and i n  
Fig. 8.2 f o r  the  alkaline-leach m i l l  a t  New Mexico. Similar summaries 
f o r  t he  Wyoming s i t e  a re  presented i n  Table 8.2 and Figs. 8.3 and 8.4. 
The t o t a l  annual cos ts  include a l l  costs  f o r  treatment of airborne and 
l i q u i d  e f f luents  from t h e  m i l l  and t a i l i n g s  area during m i l l  operation 
and a f t e r  m i l l  closure and include the  amounts required t o  reduce t h e  
release of radioactive mater ia ls  i n  seepage or  po ten t i a l ly  i n  leach waters, 
even though the  l i qu id  releases  do not contr ibute  t o  t h e  calculated dose. 
These annual cos ts  vary from about $175,000 i n  Case 1 t o  nearly $10,000,000 
i n  Case 6c. 
The maximum annual individual  doses are shown i n  Tables 8.1 and 8.2 
f o r  whole body and organs at a distance of 0.5 mile f r o m t h e  operating 
model m i l l s  and t h e i r  associated t a i l i n g s  impoundments near t h e  end of 
t he  20-year l i f e  of t h e  m i l l s  when t h e  tailings cover t h e  maximum area. 
The doses f o r  whole body and bone drop from Case 1 to Case 2. 
near an operating New Mexico solvent extract ion m i l l ,  t he  doses t o  an 
individual  assuming t h a t  100% of the food i s  produced loca l ly  drop from 
For example, 
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about 37 m r e m  f o r  t o t a l  body and 400 mrem f o r  bone i n  Case 1 t o  about 6 
and 73 mrem, respectively,  i n  Case 2 a t  a t o t a l  annual cost  increment of  
$27,000. About 45% of t h i s  dose reduction i s  the  r e s u l t  of covering the  
t a i l i n g s  beach t o  prevent wind resuspension of t a i l i n g s  a t  an annual cost  
of $7,000 (Sect. 8.3). 
food ingestion dose drops from 61  mrem f o r  t o t a l  body and 640 mrem f o r  
bone i n  Case 1, t o  5 and 59 mrem, respectively,  i n  Case 2 a t  a t o t a l  annual 
cost  increment of $26,000. 
food ingestion dose drops from 102 mrem f o r  t o t a l  body and 1057 mrem f o r  
bone i n  Case 1, t o  6 and 66 mrem, respectively, i n  Case 2 at a t o t a l  annual 
cost  increment of $25,000. 
doses drop from about 2 mrem i n  Case 1 t o  0.4 mrem i n  Case 2 f o r  t o t a l  
body and from about 60 t o  10 mrem f o r  bone. 
which t a i l i n g s  dust becomes airborne from an exposed beach during operation 
of t h e  m i l l .  I n  subsequent cases, t h e  t a i l i n g s  beach i s  coated with a 
chemical'spray t o  prevent resuspension of t h e  t a i l i n g s  by the  wind. 
sequently, i n  Cases 2 t o  7, radon i s  t h e  only radioactive mater ia l  t h a t  i s  
released from the  t a i l i n g s  area. The decrease i n  the  t o t a l  body and bone 
dose i n  Cases 2 t o  7 i s  t h e  r e s u l t  of t h e  improved dust removal systems 
applied t o  the  gaseous eff luent  from t h e  m i l l .  
2 2 6 R a  which i s  a major contributor t o  t o t a l  body and bone dose. 
A t  t h e  Wyoming solvent extract ion m i l l  t he  10% 
A t  t he  Wyoming alkaline-leach m i l l  the  10% 
If no food i s  produced near t h e  m i l l ,  t he  
Case 1 i s  t h e  only case i n  
Con- 
The m i l l  dusts contain 
After t he  m i l l  i s  closed, the  t a i l i n g s  p i l e  i s  s t ab i l i zed  t o  prevent 
t he  movement of airborne t a i l i n g s  p a r t i c l e s  and t o  decrease the  emanation 
r a t e  of radon. Thus, radon 9s the only radioactive mater ia l  released from 
the  t a i l i n g s  p i l e  a f t e r  m i l l '  c losure (with t h e  exception of t h e  interim 
period, Sect. 8.4). 
a f t e r  t h e  m i l l  i s  closed i s  higher i n  Cases 1 and 2 than the  radon lung dose 
from t h e  combined m i l l  and t a i l i n g s  area during operation of t h e  m i l l  because 
t h e  radon i s  attenuated by t h e  pond water which covers a f r ac t ion  of t he  
t a i l i n g s  during operation of t h e  m i l l .  I n  l a t e r  cases, the  s t ab i l i za t ion  
treatment lowers t h e  radon dose. Overall,  t he  radon dose from the  s t a -  
b i l i zed  t a i l i n g s  p i l e  i n  New Mexico decreases from 100 mrem i n  Case 1 to 
2 x ld3 mrem i n  Case 7 and t h e  t o t a l  annual costs  increase from $175,000 
f o r  Case 1 t o  nearly $10,000,000 f o r  Case 6. 
The radon lung dose from the  s t ab i l i zed  t a i l i n g s  area 
I n  addition t o  t h e  lung 
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dose from t h e  radon, which i s  continuously released from t h e  t a i l i n g s  
a f t e r  t h e  m i l l  closes,  there  i s  a l so  a long-term dose from the  long- 
l i ved  rad oactive materials which were dispersed while t h e  mill was 
operating. The long-term t o t a l  body dose t o  an average individual  
l i v ing  within 50 miles i s  1.4 x 
7.6 x ld3 mrem/yr at t he  model m i l l  t ha t  released t h e  grea tes t  amount 
of radioactive materials (Sect. 7.5.1). Since these doses are  s m a l l  
compared t o  t h e  background dose, no cost  correlat ions a re  made for t he  
long-term period f o r  t he  dose received from t h e  par t icu la tes  dispersed 
by the  operating m i l l  and t h e  act ive t a i l i n g s  area. 
mremlyr and the  bone dose i s  
I n  Sections 8 .2  t o  8.7, the  t o t a l  costs  are  separated in to  cos ts  
for reduction i n  re lease of airborne radioactive materials and costs  
for treatment of l i qu id  wastes t o  reduce the  amount of radioactive 
materials released i n  seepage or potent ia l ly  i n  leach waters,and these 
costs  are  compared with the  maximum dose t o  t h e  individual  or t h e  amounts 
of materials released i n  seepage water. 
t he  t o t a l  whole body dose t o  the  population out t o  a distance of 55 miles 
i s  1 t o  3 m a n - r e m  i n  Case 1 and l e s s  than 0.2 man-rem i n  Cases 2 t o  7 
(Tables 8.1 and 8.2). 
s tab i l ized ,  t h e  t o t a l  annual whole body dose t o  t h e  population out t o  
55 miles i s  less than 0.01 man-rem i n  Case 1. Therefore, no cost  cor- 
re la t ions  are  made with the  population dose. 
While the  m i l l  i s  operating, 
After t h e  m i l l  i s  closed and t a i l i n g s  have been 
1.2 Contribution of t h e  Cost of Radwaste Treatment 
t o  Yellow Cake and Total  Nuclear Power Costs 
The c a p i t a l  cost  of t he  model uranium m i l l  i s  estimated at $13,000,000. 
The c a p i t a l  costs  of radwaste treatment added t o  the  model m i l l  range from 
$357,000 f o r  Case 1 t o  $10,591,000 f o r  Case 7 (Tables 6.1 and 6.2). 
spec ia l  case where t h e  conventional su l fur ic  acid leach i s  replaced with a 
n i t r i c  acid leach, t h e  net increase i n  c a p i t a l  cost  i s  $29,959,000. For 
current prac t ice  (Case l), t h e  maximum annual cost  of radwaste treatment 
i s  $180,000,which i s  equivalent t o  $O.O7/lb of Us08 and 0.003 mills/kWhr. 
The annual costs  increase from t h i s  base case t o  a maximum of $9,900,000 
fo r  Case 6b f o r  t h e  alkaline-leach mil1,which i s  equivalent t o  $3.65/1b 
I n  t h e  
Y 
Us08 and 0.173 mills/kWhr. 
estimated t o t a l  power generation cost  of 7 t o  10 mills/kWhr. 
This highest cost  i s  l e s s  than 3% of an 
The maximum radwaste treatment cost  which does not involve the  use 
of expensive HEPA f i l t e r s ,  charcoal delay t rap ,  and incorporation of 
t a i l i n g s  i n  cement or asphalt  i s  $1,778,000. 
$0.66/1b U308 and 0.032 mills/kWhr. 
t h e  t o t a l  cost  of nuclear power, 
reverse j e t ,  bag f i l t e r s  and high energy ventur i  scrubbers on t h e  airborne 
e f f luents  from the  m i l l  (Case 4), neut ra l iza t ion  or copperas treatment of 
l iqu ids ,  an a spha l t - l i ned ta i l i ngs  basin with a clay core dam, and a 1-in. 
asphalt  membrane topped by 2 f t  of ear th  s t ab i l i zed  with 6 in .  of crushed 
rock (Case 7) .  
dusts and Case 7 treatment of l i qu id  and so l id  wastes reduces t h e  maximum 
individual  t o t a l  body dose and most organ doses t o  l e s s  than 1 mrem/yr 
(1OC% food ingest ion) ,  t h e  maximum bone dose t o  l e s s  than 7 mrem/yr, and 
t h e  long-term radon lung dose t o  l e s s  than 0.002 mrem/yr. It reduces lo s s  
by seepage t o  0.1% and provides some protect ion against fu tu re  leaching of 
radioactive materials from t h e  tailings by complete encasement i n  an 
asphalt  membrane, 
area can be reduced only by the  use of expensive addi t ional  treatments. 
This i s  equivalent t o  
It contributes l e s s  than 0.4% t o  
This cost  w i l l  cover high efficiency, 
This combination of Case 4 treatment f o r  airborne m i l l  
The radon dose from the  act ive m i l l  and act ive t a i l i n g s  
1.3 Conclusions 
The incremental analysis of the impact of addi t ional  radwaste t r e a t -  
ment a t  uranium ore m i l l s  indicates  t h a t  t h e  greatest  dose reduction and 
t h e  most e f f ec t ive  cost-benefit  ($/mrem reduction i n  dose) a re  obtained 
as follows: 
1. Minimize t h e  airborne movement of tailings pa r t i c l e s  from the  
t a i l i n g s  area by covering the  exposed beaches during operation 
of t h e  m i l l  and during t h e  inter im drying period a f t e r  t h e  
m i l l  i s  closed. 
i n  a l l  case s tudies  a f t e r  t h e  interim drying period. 
The t a i l i n g s  a re  permanently covered ( s t ab i l i zed )  
2. Use more e f f i c i e n t  dust co l lec tors  on ore  dust streams a t  mi l l s  
processing dusty (6% moisture) ores .  
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3. Use more e f f i c i en t  dust co l lec tors  on yellow cake streams a t  
alkaline-leach m i l l s .  
4. Minimize the  long-term release of radon from the  s tored  
t a i l i n g s  by placing thicker  ear th  covers over t he  t a i l i ngs .  
The use of more e f f i c i en t  dust col lectors ,  as i n  Case 2, on ore dust 
s t r e w s  a t  m i l l s  processing wetter (8-1% moisture) ores or on yellow 
cake dust streams a t  acid-leach m i l l s  i s  of secondary p r i o r i t y  r e l a t ive  
t o  the  treatment of t he  t a i l i n g s  area. I n  Cases 3 through 7, the  use of 
increasingly e f f i c i e n t  dust  co l lec tors  (except where dusty ores a re  
processed), t h e  radon re ten t ion  un i t  on t h e  airborne m i l l  e f f luents ,  and 
t h e  1-in.  asphalt  membrane over t h e  t a i l i n g s  area f o r  radon retevltion i n  
Case 7 are  of marginal r e l a t ive  value. 
wastes i n  cement or asphalt  i s  r e l a t ive ly  expensive and has marginal 
r e l a t i v e  value, i f  t he  purpose i s  t o  reduce t h e  release of radon. 
t h i s  treatment i s  e f fec t ive  i n  decreasing the  amounts of radioactive 
mater ia ls  l o s t  i n  seepage or t ha t  po ten t i a l ly  may be l o s t  by leaching. 
The need f o r  incorporation of t a i l i n g s  must be determined on an individual  
bas i s  for each s i t e  where the  geology, s o i l  properties,  and climate are 
known. 
The incorporation of t a i l i n g s  
However, 
The assessment of the  environmental impact of uranium mil l ing i s  
complicated and involves a la rge  number of parameters including t h e  
i n t e r n a l  m i l l  leaching and uranium recovery process, t he  waste treatment 
methods, t h e  nature of the  ore, t he  na tura l  evaporation r a t e  at the  s i t e ,  
t he  annual average wind velocity,  the  frequency and wind d i s t r ibu t ion  
pa t te rn ,  t h e  food production and consumption pa t te rn  i n  an a r i d  region 
where there  i s  ranching but otherwise l i t t l e  food i s  grown, and t h e  geology 
of t h e  s i t e .  The mil l ing industry i s  highly divers i f ied,  and each m i l l  
must be assessed as an individual  case. General conclusions drawn from 
the  model s tudies  based on maximum releases  and maximum doses should not 
be applied t o  a spec i f ic  s i t e  without considering t h e  spec i f ic  variables 
t h a t  apply at tha t  s i t e .  It i s  beyond the  scope of t h i s  report  t o  discuss 
these var iables  i n  d e t a i l ;  however, information has been presented i n  
both Sect. 4 and Sect.  7 f o r  estimating cases other  than the  model m i l l s .  
The dose comitments presented i n  this  survey a re  s t a t ed  i n  terms 
of t he  dose commitment received i n  the  20th year of operation of the  
m i l l .  This study does not address i n  d e t a i l  t h e  problem of the  individual  
who l i v e s  near t he  m i l l  throughout t he  e n t i r e  20 years operation of t h e  
m i l l  plus the  2-year interim period. A s  discussed i n  Sect. 7, t he  t o t a l  
body and bone doses a re  primarily from ingested radium and thorium, which 
a re  not removed at an appreciable rate from the  body by radioact ive decay 
o r  excretion. The individual  who l i v e s  all h i s  l i f e  near the  mill 
accumulates a permanent body burden from each year ' s  exposure. Therefore, 
i n  assessing radwaste treatment it i s  important t o  consider not only the 
maximum e f f ec t s  from the  year which produces the  highest  'exposure, as has 
been done i n  t h i s  study, but a l so  the  cumulative e f f ec t s  from exposure 
t o  many years operation of t he  f a c i l i t y .  
2.0 INTRODUCTION 
This study was performed t o  determine t h e  cost  and t h e  effectiveness 
of radioactive waste treatment systems t h a t  a re  used, or could be used, a t  
uranium ore processing m i l l s  t o  decrease the  amount of radioactive and 
nonradioactive mater ia ls  re leased t o  the  environment. A second objective 
i s  t o  determine the  impact of t he  radioactive releases  on the  environment. 
The effectiveness of t h e  a l t e rna t ive  radioactive waste treatment systems 
t h a t  a re  considered i s  measured by comparing the  amounts of radioactive 
mater ia ls  re leased by t h e  various systems and the  impact of these releases  
on t h e  environment. The amount of radioactive mater ia ls  re leased i n  each 
case i s  ca l led  the  "source term," since these values a re  t h e  source or 
i n i t i a l  numbers used i n  evaluating the  impact of radioactive releases  on 
the  environment. The impact on the  environment i s  assessed and compared 
with t h e  radioactive waste treatment costs  as t he  bas i s  f o r  a cost-benefit  
analysis.  The radioactive mater ia ls  a re  uranium i n  secular equilibrium 
with i t s  daughter products. 
The function of uranium m i l l s  i s  t o  ex t rac t  uranium i n  concentrated 
form from na tura l ly  occurring ore  deposits f o r  shipment t o  a uranium con- 
version f a c i l i t y  and ult imate use as a nuclear fue l .  The radioactive waste 
mater ia ls  a r e  impounded i n  an on-site t a i l i n g s  re ten t ion  area. A small 
f r ac t ion  of t he  radioact ive materials i s  re leased as airborne pa r t i cu la t e s  
from the  m i l l  and by wind erosion of dry t a i l i n g s .  
re lzased from both t h e  m i l l  and the  t a i l i n g s .  
pounded i n  t h e  t a i l i n g s  area with varying degrees of containment. Unlike 
other phases of t h e  nuclear f u e l  cycle where so l id  radwastes a re  packaged 
and shipped o f f - s i t e  t o  an approved repository,  t he  uranium mil l ing industry 
must solve the  problem of safe,  permanent, on-site so l id  waste disposal.  
Radon gas w i l l  be 
Liquid e f f luents  a re  im- 
Two model m i l l s  which a re  representative of cur ren t ly  operating m i l l s  
a re  used as base cases i n  t h i s  study. However, t he  model m i l l s  do not 
represent t he  design f o r  any pa r t i cu la r  ex is t ing  f a c i l i t y .  
impact of t he  mills i s  considered a t  two typ ica l  s i t e s ,  i . e . ,  i n  Wyoming 
and New Mexico. Since the  t a i l i n g s  represent a perpetual source of radio- 
act ive e f f luents  long a f t e r  t he  m i l l  i s  closed, both t h e  short-term 
The radiological  
- 1  
environmental impact of t he  operating m i l l  and the  long-term impact of the  
so l id  waste a re  estimated. 
ment systems are  added t o  the  "base" plant ,  and the annual cost  and environ- 
mental impact of each case a re  calculated as the basis  f o r  cost  and benefi t  
analysis .  It was not feas ib le  t o  include a l l  possible var ia t ions  of base 
p lan ts  and radioactive waste treatment systems, but su f f i c i en t  information 
i s  provided i n  t h i s  study t o  permit t he  costs  and impacts f o r  other  radio- 
ac t ive  waste treatment systems t o  be estimated by extrapolat ion or i n t e r -  
polat ion from the  data  provided. The base case i l l u s t r a t e s  the  important 
fea tures  of current plants .  The advanced cases use technology which ranges 
from t h a t  current ly  i n  use a t  t h e  newest mi l l s  t o  the foreseeable l i m i t s  of 
avai lable  technology on the bas i s  of expected typ ica l  operations over the  
next 20 years. 
Increasingly e f f i c i e n t  radioactive waste t r e a t -  
Some of the  technology used i n  the advanced cases i s  i n  an ea r ly  stage 
of development and i s  not su i tab le  for immediate use i n  ex is t ing  plants .  
However, it i s  necessary t o  use t h i s  technology i n  the  study t o  predict  
cost-benefit  re la t ionships  over the  next few decades. I n  most cases, 
a l t e rna t ive  technology t o  accomplish a given objective i s  nonexistent. 
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3.0 OBJECTIVES AND ASSUMPTIONS 
n 
3.1 Objectives 
The objectives of t h i s  study are:  (1) t o  determine the  dol la r  cost  
t o  reduce the  amount of radioactive mater ia ls  released t o  the  environment 
from m i l l s  which use current treatment systems, t o  very low leve ls  using 
advanced, complex treatment systems; and (2 )  t o  determine the  environ- 
mental impact of t he  radioactive e f f luents  re leased from these conceptual 
i n s t a l l a t ions .  The de f in i t i on  of the incremental value of addi t ional  
radioact ive waste treatment equipment i s  an important pa r t  of t he  basic 
objective and i s  emphasized i n  the  study. Generally, these values will 
not change with s i ze  of t he  plant .  
e f f luent  t o  be t r ea t ed  generally increases with the  plant  s ize ,  and l a rge r  
treatment systems are  required. However, t he  f r ac t ion  released i s  essen- 
t i a l l y  the  same for l a rge  and small systems. Thus, a l a rge r  t o t a l  amount 
of radioactive mater ia l  i s  released f o r  t he  la rger  un i t  when operating on 
the  same type, but l a rge r  volume, of radioactive e f f luent .  The incremental 
and absolute values derived i n  t h i s  study f o r  a s ingle  s i ze  of conceptual 
plant  can thus be extrapolated t o  l a rge r  or smaller p lan ts .  The calculated 
t o t a l  amounts of radioactive mater ia ls  released a re  a l so  defined, but are  
l e s s  important i n  t h i s  study since they are  expected t o  vary with t h e  plant 
s ize ,  t he  uranium content of t he  ore processed, and environmental parameters 
such as the  net annual evaporation r a t e  and the  wind speed. The volumes 
and composition of radioactive wastes a re  based on t y p i c a l  flows a t  mills 
today. 
For example, the  volume of waste 
Estimates a re  made of the  average radioactive and nonradioactive re-  
leases  and the  cost  of radioactive waste treatment operations over the  
20-year l i fe t ime of t he  ore processing m i l l .  
nuclear power reactors,’ great  emphasis was placed on maintaining contin- 
uous operation of t he  power plant .  Consequently, t he  more complex radio- 
act ive waste treatment systems contained redundant, ( p a r a l l e l )  treatment 
un i t s  t o  ensure continued operation should one of t he  uni t s  become in-  
operable. I n  the  mil l ing study, l e s s  emphasis i s  placed on continuous 
operation s ince the  plant could temporarily cease operations i n  the  event 
I n  a s imilar  study f o r  
t h a t  a major radioactive waste treatment un i t  fa i led .  Only poten t ia l  
re leases  from normal operations, including anticipated operatiorfal occur- 
rences, have been considered i n  t h i s  study. 
3.2 Selection of the Model Plants 
A model acid-leach m i l l  and a model a lkal ine leach m i l l  were selected 
which are  typ ica l  of plants  operating i n  1973 and are  representative of 
the plants  t h a t  w i l l  process the  major load- of ore i n  the next two decades 
(Sects. 9 .1  and 9.2).  On a da i ly  basis,  the mil ls  w i l l  process 2000 tons* 
of ore containing 0.8 u308. 
grinding, chemical leaching wherein the  uranium i s  dissolved from the 
ground ore, and recovery of the uranium from the leach solutions.  The 
acid leach m i l l  will also have a solvent extract ion s tep t o  purify the 
leach solutions.  The waste treatment methods used i n  the Case 1 (base 
case) studies are representative of current waste handling methods. Since 
some m i l l s  use portions of t he  advanced technology, which i s  i l l u s t r a t e d  
i n  Cases 2 and 3, the average releases  f o r  the industry are  current ly  
lower than those l i s t e d  f o r  the  Case 1 study. 
Steps basic t o  a l l  mil ls  are crushing, 
3.3 Management of Radioactive Wastes 
The most complex flowsheets i n  t h i s  study i l l u s t r a t e  very low, but 
not ''zero", release of radionuclides. 
Airborne Effluents. -Airborne eff luents  consist  of radon gas and 
radioactive par t icu la tes  from both the  m i l l  and the  t a i l i n g s  area. Off- 
gases from the  m i l l  a re  t r ea t ed  such t h a t  increasingly large fract ions 
of the  dust a re  retained, and the  t a i l i n g s  are covered t o  eliminate wind- 
blown dust. 
advaxed  cases. 
i t s e l f  i s  small compared with t h e  quant i t ies  released from the  t a i l i ngs  
p i l e s .  Therefore, treatment f o r  gaseous radon from the  mill off-gas has 
been postponed t o  the most advanced case. 
A radon diffusion ba r r i e r  i s  placed over t he  t a i l i n g s  i n  
The amount of radon released during the  mill ing process 
Liquid Effluents. - Liquid eff luents  are  handled by impounding a l l  
*Short ton, 2000 lb/ton. 
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l iqu ids  i n  a pond with zero release t o  surface waters. Loss of radio- 
isotopes by seepage t o  the  environment i s  reduced i n  advanced cases by 
employing more t i g h t l y  sealed impoundment systems and chemical treatment. 
I n  the  most advanced cases, l i qu id  streams are  pur i f ied  and recycled. 
Solid Wastes. - Solid wastes are  re ta ined i n  an on-site t a i l i ngs  
impoundment area. 
by covering with ear th  or rock t o  prevent wind and water erosion, but 
perpetual maintenance and surveil lance will be required. 
ba r r i e r  of ear th  i s  placed over t he  so l id  wastes, beginning with Case 3. 
I n  the  advanced cases, the  so l id  wastes are  t r ea t ed  by b u r i a l  and by 
f ixa t ion  i n  asphalt or cement. 
tenance and returns the  surface land t o  l imited use. 
I n  the  e a r l i e r  cases, the so l id  wastes are  s tab i l ized  
A radon diffusion 
This reduces the need fo r  perpetual main- 
3.4 Cost Parameters 
Base cases are  selected which are  representative of m i l l s  operating 
i n  1973 but do not represent the  design f o r  any par t icu lar  exis t ing 
f a c i l i t y .  Capital  and annual costs  are estimated for di f fe ren t  waste 
eff luent  treatment segments i n  a se r ies  of case studies.  The Case 6c 
study involves the  use of a completely d i f fe ren t  i n t e rna l  m i l l  flowsheet, 
i. e. ,  the  use of a n i t r i c  acid leach step, i n  addition t o  the  advanced 
waste treatment methods. 
as the  incremental costs above those required for  a conventional su l fur ic  
acid leach m i l l .  The calculat ion of incremental annual costs  f o r  a 
var ie ty  of waste treatment methods i s  a primary objective of the study. 
They are correlated with the changes i n  environmental impact f o r  each 
case study i n  Sect. 8.0. 
using d i rec t  maintenance. 
costs f o r  present plants .  
cedure are  l i s t e d  i n  Sect. 6.0 and ORNLTM-4903, Vol. 2. 
Consequently, the  costs  f o r  Case 6c are  taken 
The estimated costs are based on a new plant 
No attempt i s  made t o  estimate backfi t t ing 
Complete de t a i l s  of t he  cost estimating pro- 
3.5 Equipment Operation 
It i s  assumed tha t  a l l  radioactive wastes w i l l  be t reated,  i . e . ,  
wastes will not bypass treatment systems and be discharged even though 
t h e  radioactive content of the waste i s  lower than "permissible" l icensing 
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l eve ls .  The equipment i s  adequately s ized  t o  ensure high operating 
f l e x i b i l i t y  and eff ic iency fac tors .  This type of design provides ex t ra  
assurance t h a t  radioactive releases  will not exceed the  calculated design 
leve ls .  
3.6 Plant S i t i ng  
The model m i l l s  a re  located a t  each of two s i t e s  i n  Wyoming and 
New Mexico which have environments t h a t  a re  cha rac t e r i s t i c  of t he  majority 
of contemporary mil l ing operations. 
processed i n  these areas, and t h e  remainder i n  Texas, Colorado, and 
Washington (Sect. 9.1). 
by t h e i r  low population dens i t ies  and semiarid conditions. The population 
d i s t r ibu t ion  f o r  the s i t e s  i s  determined by averaging the  d is t r ibu t ions  
around several  mi l l s  i n  these locat ions.  Similarly,  t he  meteorological 
da ta  f o r  each s i t e  are  derived from the  f i r s t -o rde r  weather s ta t ions  i n  these 
areas,  i . e . ,  Albuquerque, New Mexico, and Casper, Wyoming. S i t e  No. 1 
i s  located i n  an a r i d  environment cha rac t e r i s t i c  of c e n t r a l  New Mexico. 
The region i s  represented by mesa topography, low r a i n f a l l ,  deser t  
physiognomy, and sparse vegetation. Chronic winds p reva i l  i n  t he  deser t  
environment, and dust storms are  common. S i t e  No. 2 i s  located i n  the  
Wyoming basin on an intermountain plateau which borders on the Great 
Plains.  The region i s  characterized by r o l l i n g  f o o t h i l l  topography, 
semiarid climate, and a grassland-shrub physiognomy. Rainfall i s  suf- 
f i c i e n t  for an ef fec t ive  ground cover of vegetation which,if not disturbed 
by overgrazing, shows minimal erosion by the  wind. Pers i s ten t  winds pre- 
v a i l  i n  both locat ions,  and dust storms occur where vegetation i s  scarce. 
Consequently, the  movement of radioact ive gas and dusts from the t a i l i n g s  
p i l e s  and the  impact of these mater ia ls  on the  environment a re  the  major 
fac tors  t h a t  a re  assessed i n  t h i s  study. 
About 8% of the  ore tonnage i s  
The Wyoming and New Mexico areas a re  characterized 
The difference i n  impact at t he  two s i t e s  i s  t he  r e s u l t  of meteorological 
differences which cause the  movement of d i f fe ren t  amounts of radioactive 
mater ia ls  and d i f f e ren t  d i s t r ibu t ions  of these mater ia ls  throughout t h e  
surrounding areas. 
pathway f o r  movement of radioactive mater ia ls  because of the  general  
Surface water i s  not considered t o  be an important 
absence of surface water i n  
are not released t o  surface 
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these locations,  and because t a i l i ngs  waters 
waters i n  the  case studies.  Underground 
aquifers provide drinking water for l o c a l  populations a t  both s i t e s .  
Estimates are  made f o r  the  movement of radioactive materials which seep 
from the t a i l i ngs  pond. S i t e  select ion i s  described i n  d e t a i l  i n  Sect. 
7.0. 
3.7 Radiological Impact 
Radiation doses t o  the  population surrounding the  model mi l l s  are  
estimated using the procedures which have been standardized fo r  environ- 
mental impact statements for  light-water-cooled nuclear power s ta t ions  
by the USAEC-Regulatory.' 
sources outside the  body and f o r  i n t e rna l  dose from sources inside the  
body are  considered. Immersion i n  the  radon gas, airborne m i l l  dusts, 
and t a i l i n g s  pa r t i c l e s  as they are di luted and dispersed leads t o  
external  exposure, while inhalation leads t o  in t e rna l  exposure. The 
Pathways f o r  external  radiat ion dose from 
deposition of radioactive par t icu la tes  on the  land surface leads t o  
d i rec t  external  exposure and t o  in t e rna l  exposure by the  ingestion of 
food products through various food chains. The pathways f o r  movement of 
the radioactive materials are  considered t o  be the  same a t  the  two s i t e s  
because of the  generally similar ecological conditions a t  these locat ions,  
The difference i n  meteorological conditions a t  the  two s i t e s  i s  the 
pr inc ipa l  fac tor  t ha t  controls the difference i n  radiological  impact a t  
these locations.  The estimated radiat ion doses t o  individuals, t o  the 
human population, and t o  the  b io ta  are  calculated f o r  annual distances 
out t o  55 miles i n  22.5' sectors using the s i t e  parameters l i s t e d  i n  
Sect. 7.0. 
individual organs. 
body doses t o  a l l  individuals i n  the  population considered. 
dose models, assumptions, and methods are  given i n  Sect. 7.0. 
Doses t o  individuals a re  calculated f o r  the t o t a l  body and 
Population doses (man-rem) are  the sum of the t o t a l  
Details of 
1. 
3.8 References 
USAEC-Directorate of Regulatory Standards, F ina l  Environmental 
Statement Concerning Proposed Rule Making Action: Numerical Guides 
f o r  Design Objectives and Limiting Conditions fo r  Operation t o  Meet 
t h e  Cri ter ion "AS b w  A s  Practicable" f o r  Radioactive Material  i n  
Light-Water-cooled Nuclear Power Reactor Effluents,  WASH-1258 
(July 1973). 
20 
4.0 SOURCE TERMS FOR FU3LEASE OF RADIOACTIVE MATERIALS 
The function of uranium mi l l s  i s  t o  ex t rac t  uranium i n  concentrated 
form from na tura l ly  occurring ore  deposits which generally contain 3 t o  
6 l b  of U3OS per ton of ore  (0.15 t o  0.3% U 3 0 8 ) .  
semirefined uranium compound (UaOe or N a ~ U 2 0 7  ) ca l led  yellow cake, which 
i s  then shipped t o  a conversion plant  f o r  fu r the r  pur i f ica t ion  as a s tep  
i n  preparing the  uranium fo r  use i n  nuclear fue ls .  
wastes ca l l ed  t a i l i n g s  are  impounded near the m i l l .  Off-s i te  re leases  
of radioactive mater ia ls  consis t  of airborne dusts and radon gas from 
the  m i l l  and from the  t a i l i n g s  impoundment area. Depending upon the  
geology and the water tab le ,  t he re  i s  a l so  a po ten t i a l  f o r  the  underground 
migration of radioactive mater ia ls  i n  seepage of l i qu id  e f f luents  or as 
the  r e s u l t  of leaching of t a i l i n g s .  
The product i s  a 
=quid and so l id  
A s e r i e s  of increasingly e f f i c i e n t  (and expensive) radwaste treatment 
cases a re  presented f o r  a model acid-leach m i l l  and a model alkaline-leach 
m i l l  a t  two s i t e s ,  New Mexico and Wyoming (Summary, Table 1.1). 
the  assumptions and treatment cases a re  based on the  background survey of 
present i n d u s t r i a l  pract ices  and laboratory research i n  radwaste manage- 
ment (Sect.  9.0). Seven conceptual cases are  considered f o r  t r ea t ing  
airborne radwaste from t h e  m i l l  buildings. Similarly,  f i v e  conceptual 
cases are  considered f o r  l i qu id  e f f luents  from the  acid-leach m i l l ,  four 
f o r  l iqu ids  from the  alkal ine m i l l ,  t e n  so l id  radwaste cases f o r  t he  
acid-leach m i l l ,  and nine so l id  radwaste cases f o r  t he  alkal ine mill. 
Treatment of the  various e f f luent  streams i s  assessed separately,  before 
they a re  combined i n  the  summary (Table 1.1). I n  many cases, both the  
releases  of radioactive mater ia l  ( the  source terms) and the  costs  w i l l  
vary with the  s i t e  because of differences i n  the  net annual evaporation 
r a t e  and the  windspeed. Treatment of t h e  various e f f luent  streams i s  
assessed separately (Sects. 4.3 and 4.4) before they are  combined i n  the  
summary (Table 1.1). 
time periods: 
assumed t o  be 20 years; (2 )  t he  interim period following m i l l  closure, 
while t he  t a i l i n g s  dry  and before they a re  s tab i l ized ;  and (3) the  period 
Many of 
Source terms are  shown on an annual basis  f o r  th ree  
(1) the  period during operation of the  m i l l ,  which i s  
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a f t e r  f i n a l  s t ab i l i za t ion  and covering of the t a i l i ngs .  
t ab les  include costs  and doses f o r  the  separate treatment segments; 
however, discussion of costs,  doses, and cost-benefit i s  deferred u n t i l  
Sects. 6-8. 
The source-term 
Generally, the release of radioactive mater ia l  decreases and the 
cost  increases with increasing case number. Case 1, the  base case, 
represents typical ,  current,  waste management methods and provides the 
base f o r  the incremental cost  analysis.  
m i l l  i s  processing a 6% moisture ore which produces a r e l a t ive ly  large 
amount of dust. 
are  a lso presented i n  Sect. 4.3.3. 
and since some of the treatment methods i l l u s t r a t e d  i n  Cases 2 and 3 are 
presently used, the  average releases by the industry as a whole are  lower 
than those estimated f o r  Case 1. Estimates of the release of airborne 
radioactive materials from the  t a i l i ngs  area are based on annual average 
wind speeds. The e f fec t  of unusually strong windstorms i s  discussed i n  
Sects. 7.2, 7.4.2, and 9.2, but a s t a t i s t i c a l  analysis of t h i s  variable 
i s  beyond the  scope of t h i s  survey. 
radioactive materials from the  m i l l ,  seepage losses,  and leach r a t e s  are 
based on conservative assumptions i n  select ing treatment eff ic iency rat ings 
which tend t o  maximize the amounts released. The advanced cases are sub- 
divided in to  ( a )  and ( b )  when a l te rna te  radwaste treatment methods have 
s imilar  source terms for a5rborne and seepage releases but the long-term 
in t eg r i ty  of the waste toward leaching i s  not the same. 
ment and waste management methods suggested i n  the  e a r l i e r  cases can probably 
be backfi t ted t o  exis t ing mil ls .  Much of the technology proposed i n  the  
advanced cases i s  i n  an ear ly  stage of development and i s  not ready f o r  
M e d i a t e  use. Technical descriptions of t he  systems and the  calculated 
amounts of radioactive materials t h a t  would be released f o r  each case, the  
source terms, are  given i n  Sects. 4.3 and 4.4. 
The case studies assume tha t  the  
Estimates of releases from mil ls  processing wetter ores 
Since many m i l l s  process wetter ores, 
Estimates of the releases of airborne 
Some of the equip- 
4.1 Description of Model Mills 
The process of uranium extraction varies among the  m i l l s  due, i n  
Steps basic pa r t ,  t o  differences i n  the  chemical composition of the  ore. 
t o  a l l  mi l l s  are crushing, grinding, chemical leaching (wherein the  
uranium i s  dissolved from the ground o r e ) ,  and recovery of the uranium 
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from t h e  leach solutions.  
types : 
ion exchange (9,100 tons/day) , and alkal ine leach (3,350 tons/day ) 
(Sect. 9.2, Table 9.1). 
leach m i l l  a re  considered because they generate d i f f e ren t  wastes i n  regard 
t o  l i q u i d  volume, bulk chemicals, and radioactive element concentration. 
The m i l l  processes f a l l  i n to  three  general 
acid leach--solvent extract ion (10,100 tons/day), acid leach-- 
A model acid-leach m i l l  and a model alkaline- 
The alkaline-leach model m i l l  i s  based on the  conventional flowsheet. 
Amine solvent extract ion with an ammonium su l f a t e  s t r i p  was selected 
f o r  the model acid-leach flowsheet since t h i s  appears t o  be the  t rend of 
the  future .  
solvent extract ion process are  su i tab le  fo r  use with any of the acid- 
leach flowsheets; however, t h e  source terms and costs  may be d i f f e ren t .  
A more-detailed discussion of the se lec t ion  of the model mi l l s  i s  pre- 
sented i n  Sect. 9. 
Most of t h e  waste treatment methods proposed f o r  the  model 
Each model m i l l  i s  selected t o  have a da i ly  capacity of 2,000 tons* 
of ore containing 0.20% U30e. Assuming secular equilibrium, each member 
of t he  uranium decay chain i s  present a t  515 pCi per ton of ore. The 
m i l l  i s  assumed t o  operate continuously fo r  365 days per year f o r  20 years. 
Each m i l l  i s  evaluated a t  two geographic s i t e s  t h a t  together represent 
most of t he  known reserves i n  the  United S ta tes ;  i . e . ,  a Wyoming s i t e ,  
and a New Mexico s i t e  (Sect. 9.1).  Although mining per se i s  not t h e  
subject of t h i s  study, t he  type of mine t h a t  is involved i s  designated 
when it i s  used t o  receive waste as a means of disposal.  
a re  typ ica l  i n  Wyoming, while underground mines a re  t y p i c a l  i n  New Mexico. 
The ore body l i e s  at l e a s t  150 f t  below the  surface of the ear th ,  and 
t h e  mine i s  assumed t o  be wet. The long-term trend i s  toward deeper, 
wetter ores  and underground mines. The model m i l l  i s  located within 
3,000 f t  of t he  mine, and the  ore  i s  trucked on pr iva te ly  owned land. 
Open-pit mines 
4.1.1 Acid Leach--Solvent Extraction Mill 
The flowsheet f o r  t he  acid leach--solvent extract ion m i l l  i s  shown 
i n  Fig. 4.1; chemical consumption i s  given i n  Table 4.1. 
dumped from trucks and passedthrough the  g r i zz ly  t o  the  primary crushing 
The ore i s  
*Short ton, 2,000 lb/ton. 
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c i r c u i t ,  which i s  operated 16 hr/day. Here the  ore i s  crushed t o  1/2 i n . ,  
screened, and t h e  oversize mater ia l  recycled t o  the  crusher. 
ore  i s  elevated t o  four storage bins  which a re  ventedthrough a dust col-  
l e c t o r  t o  a short  stack on the  roof. The ore i s  conveyed on endless 
rubber be l t s .  A i r  exhaust hoods are  located on t h e  crusher, a t  the screens, 
and a t  each t r ans fe r  point.  
before being discharged through a roof vent. 
The f i n e  
The a i r  i s  passed through a dust co l lec tor  
The ore i s  then wet ground i n  rod mills as a s lu r ry  containing 65% 
The ore i s  ground t o  l e s s  than 28 mesh and discharged in to  the so l ids .  
leach c i r c u i t ,  which consis ts  of e ight  tanks i n  se r i e s  with a t o t a l  res-  
idence time of 7 hr .  Sulfur ic  acid and an oxidant, sodium chlorate,  are  
added continuously. The solut ion containing t h e  dissolved uranium i s  
separated from the so l ids  by countercurrent washing i n  a countercurrent 
decantation (CCD) c i r c u i t .  The slurry i s  passed through hydroclones t o  
separate t h e  coarse s m d  f rac t ion ,  and the  sand i s  washed i n  a s e r i e s  of 
s i x  c l a s s i f i e r s .  The overflow from t h e  c l a s s i f i e r  joins  t h e  hydroclone 
overflow, and the  slimes a re  washed i n  a s e r i e s  of s i x  thickeners.  
Flocculants are  added t o  promote s e t t l i n g .  The so l ids  a re  washed with 
f r e sh  water and recycled r a f f i n a t e  from the  solvent extract ion c i r c u i t .  
The washed slimes and sands a re  pumped t o  t h e  t a i l i n g s  pond. The sands 
a re  
waste solut ion accompanying t h e  sands and slimes t o  the  t a i l i n g s  pond i s  
15% of t h e  ore  processed. 
of t he  ore  processed; t h e  slimes a re  3%. The t o t a l  weight of 
The uranium i s  recovered from the  leach l iquor  by countercurrent 
contact i n  four extract ion stages with a long-chain amine dissolved i n  
kerosene, The uranium i s  s t r ipped from t h e  solvent i n  four stages with 
an aqueous solut ion of ammonium sul fa te .  
t o  t h e  extract ion c i r c u i t .  
gaseous ammonia, concentrated, and p a r t i a l l y  washed i n  thickeners and 
col lected i n  f i l t e r s .  The washed p rec ip i t a t e  i s  dr ied  i n  a continuous 
steam-heated dryer. The dr ied uranium prec ip i ta te ,  commonly ca l l ed  yellow 
cake, i s  packaged i n  55-gal s t e e l  drums f o r  shipment t o  a ref inery.  Over- 
a l l  recovery of uranium as product i s  91% of t h a t  contained i n  t h e  ore. 
The thorium content of t h e  yellow cake i s  assumed t o  be 1 . 4  x 
The solvent i s  recycled back 
The uranium i s  prec ip i ta ted  by addition of 
pCi/g 
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U3 O8 (5% of the  t o t a l  thorium), and the radium content 5.5 x loe4 pCi/g 
(0.2% of the  t o t a l  radium) (Sect. 9.3.2). No other s ignif icant  radio- 
nuclides a re  present (Sect. 9.3.2). 
hoods over the packaging area are  combined and passed through a dust 
col lector .  
c i r c u i t  i s  sent t o  the leach c i r cu i t .  
throughout the  m i l l  i s  col lected i n  f loo r  sumps and returned t o  the 
appropriate c i r cu i t .  The only l i qu id  waste stream i s  t ha t  leaving with 
the sands and slimes t o  the  t a i l i n g s  area. 
The a i r  streams from the  dryer and 
A small l iqu id  bleed stream from the  uranium prec ip i ta t ion  
Any l iqu id  sp i l lage  or leakage 
4.1.2 Alkaline-Leach Mill 
The flowsheet f o r  the  alkaline-leach m i l l  i s  shown i n  Fig. 4.2; the 
chemical consumption i s  given i n  Table 4.1. 
conveying, and f ine  ore storage f a c i l i t i e s  are the  same as those described 
f o r  the acid leach m i l l  (Sect. 4.1.1). 
of a b a l l  m i l l  operated i n  closed c i r cu i t  with a c l a s s i f i e r .  
i s  done a t  65% sol ids  i n  a sodium carbonate--bicarbonate solution. 
ore  i s  ground f i n e r  than f o r  acid leach, i . e . ,  35% l e s s  than 200 mesh. 
The uranium i s  leached from the  ore i n  two stages consisting of a 5-hr 
leach a t  65 psig pressure and 200"F, followed by an 18-hr leach a t  a t -  
mospheric pressure and 185°F. 
of uranium by three stages of countercurrent f i l t r a t i o n .  
which consist  of a 50-50 mixture of sands and slimes, a r e  repulped with 
f r e sh  water and pumped t o  the  t a i l i n g s  pond. 
sent t o  the pond i s  105% of the  ore processed. 
The ore receiving, crushing, 
The wet-grinding system consists 
The grinding 
The 
The sol ids  are  separated and washed f r e e  
The sol ids ,  
The weight of waste solution 
The uranium i s  recovered from the leach solution by addition of sodium 
hydroxide, which forms insoluble sodium diuranate (yellow cake). 
p rec ip i ta te  i s  f i l t e r e d ,  washed, and dried i n  a steam-heated dryer. The 
product is.packaged i n  55-gal drums f o r  shipment. The off-gas from the  
dryer and packaging area i s  passed through a dust co l lec tor  before dis- 
charge t o  a roof stack. 
ta ined i n  the  ore. The radium content of the  yellow cake i s  5.5 x 
pC!i/g U30e, representing about 1.8% of t h a t  i n  the  ore (Sect, 9.3.2). 
other s ign i f icant  radionuclides are  present (Sect. 9.3.2). 
The 
Overall recovery of uranium i s  93% of t h a t  con- 
No 
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4.2 Composition and Amount of Radioactive Material  
Processed by t h e  Model M i l l  
The model m i l l  w i l l  process 2,000 tons of ore  per day containing 
0.2f10 U308 as na tura l  uranium. 
equilibrium with i t s  13 radioactive daughter products (Sect. 9.3.1, 
Fig. 9.1, and Table 9.2), so t h a t  the  concentration of each of the  1 4  
radionuclides i s  515 V C i  per ton  of ore. 
a c t i v i t y  enters t he  m i l l  per day, of which 2 . 1  C i  i s  uranium and i s  re-  
covered as product. The remaining 12.3 C i  i s  discharged i n  t h e  waste. 
Most of t he  radionuclides remain insoluble during leaching and leave the  
m i l l  with t h e  so l id  t a i l i n g s .  Acidic l i qu id  wastes contain -5% of t h e  
thorium but only a few percent of t h e  other  radionuclides (Sects.  9.3.2 
and 9.5.1). 
yadionuclides (Sects. 9.3.2 and 9.5.1). Airborne e f f luents  consis t  of  
dust p a r t i c l e s  from ore and yellow cake handling i n  the  m i l l ,  wind erosion 
of t a i l i n g s ,  and radon gas which emanates from both the  ore and the  t a i l -  
ings.  
r i c h  i n  radioactive materials as the  m i l l  feed (Table 9.12, Sect.  9.3.3). 
See Sect. 9.0 f o r  a more de ta i led  discussion of the radioactive materials 
i n  t h e  d i f fe ren t  eff luent  streams. 
The 238U i s  assumed t o  be i n  secular 
A t o t a l  of 14.4 C i  of radio- 
Alkaline l i qu id  wastes contain very small amounts of t h e  
Ore dusts released from the  m i l l  a re  assumed t o  be 2.4 times as 
The radionuclides of primary concern are:  Unat, * 226 Ra, 230Th, 234Th, 
210 210F’b, 
as source terms, e i t h e r  because they individual ly  contribute l e s s  than 
0.0% of t h e  t o t a l  r e l a t i v e  hazard o r  because they have ha l f - l ives  of l e s s  
than 2 h r  and do not accumulate i n  t h e  bioenvironment. The r e l a t i v e  hazard 
i s  estimated by dividing t h e  curies  present i n  one ton  of ore by the  
Radiation Concentration Guide f o r  t h a t  nuclide (presented i n  Code of 
Federal  Regulations, T i t l e  10, Part  20, Appendix B, Table 2, Column 1, 
soluble nuclide).  
bution ( l e s s  than O . O d 0 )  t o  t h e  r e l a t i v e  hazard i s  
B i ,  ’loPo, and 222Rn. The other  daughter products a re  not l i s t e d  
The only nuclide excluded because of i t s  s m a l l  contr i -  
234 Pa. The short-l ived 
*One cur ie  of na tura l  uranium (Una t )  i s  defined i n  10 CFR 20 as the  sum 
U plus 3.7 x 10’’ dis/sec from 234U plus 238 of 3.7 x 10’’ dis/sec from 
9 x lo8 dis/sec from 236U; it i s  a l so  equivalent t o  3,000 kg of na tura l  
uranium. 
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daughters a re  included i n  the  dose of t he  longer-lived parent. For 
214 example, the  short- l ived daughters of 222Rn, namely 218Po, Pb, 214Bi, 
Gs 
and 214P0 are  included when the  inhalat ion dose from "'Rn i s  calculated.  
The Radiation Concentration Guides f o r  t he  nuclides of i n t e r e s t  a re  l i s t e d  
i n  Table 9.3; t he  ha l f - l ives  a re  given i n  Fig. 9.1. 
4.3 Airborne Effluents from the  Model M i l l  
Numerous opportunities a r i s e  for the  formation of airborne radioactive 
dusts i n  the  mil l ing processes - ore crushing, screening, t ransferr ing,  
e t c . ,  and the  yellow cake drying and packing. Dust-producing a c t i v i t i e s  
a re  e s sen t i a l ly  the  same i n  a l l  mi l l s  and are  unrelated t o  the  chemical 
flowsheet. Radon i s  released during the  crushing and grinding operations. 
I n  t h e  case s tudies ,  a i r  streams exhausted from t h e  m i l l  buildings a re  
t rea ted  by a var ie ty  of dust col lectors ,  f i l t e r s ,  and radon decay t raps  
t o  reduce t h e  spread of  airborne radioactive material. 
used i n  source term calculat ions and t h e  design basis  for t h e  cost  
estimates a re  l i s t e d  i n  Table 4.2. 
t he  mater ia l  presented i n  survey Sects. 9.3, 9.4, and 9.7.2. Current 
prac t ices  i n  the  industry a re  described i n  the survey Sect. 9.4. The 
The assumptions 
8 '  Many of the  assumptions a re  based on 
cont ro l  of airborne e f f luents  from the t a i l i n g s  area i s  discussed with * I  
the  treatment of so l id  waste (Sect. 4.4). 
4.3.1 Treatment Methods I 
4.3.1.1 Wet Scrubbers. 1-3 - The pr inc ipa l  mechanism involved i n  
wet co l lec t ion  of pa r t i cu la t e  matter i s  impingement of individual  pa r t i c l e s  
upon scrubbing l i qu id  droplets .  A s  the  flowing gas approaches an individual  
droplet ,  it diverges t o  avoid the obstacle;  however, t he  i n e r t i a  of heavier 
entrained pa r t i c l e s  keeps them moving i n  a nearly s t r a igh t  path, forcing 
them t o  co l l ide  with the  droplets.  The droplets,  being subs tan t ia l ly  
l a rge r  and more massive, co l l ec t  the  pa r t i cu la t e s  and then f a l l  due t o  
gravi ty .  The wet scrubber recovers t he  dust as  a s lu r ry  which i s  recycled 
t o  the  process. Gases such as ammonia i n  the  dryer off-gas may be removed 
by wet scrubbers. The s tack e f f luent  w i l l  usual ly  be wel l  cleaned but 
w i l l  contain some unwetted f ines ,  mists,  and a steam plume. The temperature 
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and moisture content of the  i n l e t  gas are  e s sen t i a l ly  unlimited. 
ment s i ze  and i n i t i a l  cost  a re  reasonable, but the  operating cost  i s  high 
f o r  t h e  high-efficiency scrubbers t h a t  have la rge  power consumption. Wet 
scrubbers a re  standard i n d u s t r i a l  equipment avai lable  "off t he  she l f"  i n  
a va r i e ty  of s izes .  
Equip- 
The ef f ic ienc ies  of various wet scrubbers ranging from 93.6 t o  99.$ 
under plant  conditions f o r  a standard i n d u s t r i a l  t e s t  dust (roughly 
equivalent t o  the  e f f ic ienc ies  on 5-1 p a r t i c l e s )  a r e  given i n  Table 4.2. 
I n  general, the  e f f ic ienc ies  are  d i r e c t l y  proportional t o  the  pressure 
drop and, f o r  a given type, show l i t t l e  var ia t ion  among manufacturers. 
The e f f ic ienc ies  decrease with decreasing p a r t i c l e  s ize .  For example, 
the  o r i f i ce -  o r  baffle-type co l lec tor  i s  93% e f f i c i e n t  on 5-p par t i c l e s ,  
75% on 2-u pa r t i c l e s ,  and only 4% on 1-p par t i c l e s .  The more e f f i c i e n t  
scrubbers do a much b e t t e r  job on f ines .  For example, a high-energy ventur i  
i s  9g0 e f f i c i e n t  on 2-11 par t i c l e s .  
a t  removing pa r t i c l e s  l a rge r  than 10 p. 
All wet scrubbers a re  qui te  e f f i c i e n t  
Orif ice  o r  Baffle Scrubber. - A i r  flows through a s ta t ionary  ba f f l e  
at high veloci ty ,  carrying the  water i n  a heavy turbulent  sheet. The 
cent r i fuga l  force exerted by the  rap id  changes i n  d i rec t ion  of flow causes 
the  dust pa r t i c l e s  t o  penetrate the  water f i l m .  
Or i f ice  scrubbers a re  widely used i n  t h e  uranium mil l ing industry today. 
The eff ic iency i s  93.6%. 
Wet Impingement Scrubber ( i r r i g a t e d  t a rge t ,  perforated p l a t e ) .  - 
The gas stream, carrying both dust p a r t i c l e s  and water droplets  from 
preconditioning sprays, i s  d i rec ted  through perforated p la tes  t o  impinge 
on ba f f l e  p la tes .  The gas ve loc i ty  ac t s  t o  atomize water on the  perforated 
p l a t e .  Par t ic les  are  co l lec ted  on vaned mist eliminators and are  withdrawn 
along with the  so l ids  co l lec ted  i n  the  l i qu id  overflow from t h e  impingement 
p la te .  The eff ic iency i s  97.9%. 
uranium mi l l s .  
hpingement scrubbers a re  widely used i n  
Venturi Scrubber. - Water i s  introduced in to  the  throa t  sect ion and 
atomized by the  high-velocity gas stream. 
between the  accelerat ing so l id  p a r t i c l e  and the  l i qu id  droplet  makes f o r  
high eff ic iency by impingement. 
The high r e l a t i v e  ve loc i ty  
The ventur i  must be followed by a mist 
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col lector .  
pressure drop. 
cake dryer a t  one m i l l  and on a dry ore  grinding c i r cu i t  a t  another. 
Efficiencies range from 99.5 t o  99.%, depending upon the 
Venturi scrubbers are currently being used on the yellow 
4.3.1.2 Bag F i l t e r s .  - The bag f i l t e r  i s  qui te  e f f ic ien t  fo r  
removing f i n e  dusts down t o  1 p  from cool, dry a i r  streams. Bag  f i l t e r s  
cannot be used on hot, moist streams such as the dryer off-gas. Dusty 
gas flows through a f i l t e r  made of a woven or f e l t e d  mater ia l  and deposits 
pa r t i c l e s  i n  the  voids. As the  voids f i l l ,  a cake builds on the fabr ic  
surface and the pressure drop increases t o  a point where the  sol ids  must 
be removed by shaking or by a reverse j e t  of a i r .  
from 99.7 t o  99.%. The equipment i s  bulky. 
uses thick f e l t  bags cleaned by a r ing of small a i r  j e t s  which moves contin- 
uously up and down the  bag. B a g  f i l t e r s  are current ly  used a t  two mi l l s  
t o  t r e a t  dusty a i r  from ore handling, and a t  two mil ls  t o  t r e a t  the yellow 
cake packaging a i r  stream, A salable yellow cake product i s  collected.  
Efficiencies range 
The most e f f i c i en t  type 
4.3.1.3 HEPA F i l t e r s .  - High Efficiency Part iculate  A i r  (HEPA) 
f i l t e r s  have been used f o r  many years i n  the  nuclear industry t o  effec- 
t i v e l y  remove radioactive par t icu la tes  from a i r  streams. A modular HEPA 
f i l t e r  has a cross section of 2 ft  by 2 f t ,  a depth of 1 f t ,  and a capacity 
of about 1,000 cfm. The modules are formed in to  banks t o  achieve the 
required capacity f o r  f i l t e r i n g  a i r .  
of woven f i b e r  glass.  By def ini t ion,  a HEPA f i l t e r  i s  an expendable 
(s ingle  use) ,  extended-medium, dry f i l t e r  having (1) a minimum pa r t i c l e  
removal efficiency of no l e s s  than 99.97% f o r  0.3-IJ. par t i c l e s ;  ( 2 )  a 
res is tance of 1.0 in.  &O when clean, and up t o  6 t o  10 in.  yZ0 when i n  
service and operated a t  the  rated a i r  flow capacity; and (3)  a r i g i d  
casing extending the  f u l l  depth of the medium. 
data and known charac te r i s t ics  of f i l t e r  systems, it i s  assumed tha t  the  
eff ic iency of the  system i s  99.95% ( t e s t ed  with 0.3-IJ. smoke). 
The f i l t e r  medium i s  a pleated mat 
4 Based on experimental 
4 
The following items apply t o  the  design and operation of REPA 
in s t a l l a t ions  : 
1. A high efficiency f o r  the  f i l t e r s  can be ensured by constructing 
a t i g h t  i n s t a l l a t i o n  such t h a t  a l l  of the  gas t o  be t rea ted  
passes through the  f i l t e r s  with no bypass. The f i l t e r s  should 
be tes ted ,  before and a f t e r  i n s t a l l a t ion ,  and also per iodical ly  
while i n  service,  by a method such as  the  d ioc ty l  phthalate 
smoke (NIP) t e s t .  
indicate  whether t he  f i l t e r s  a re  plugging o r  have been ruptured. 
Continuing pressure drop measurements can 
2. HEPA f i l t e r s  are  s t r i c t l y  backup and must be preceded by high- 
eff ic iency dust col lectors .  Assuming an average pa r t i cu la t e  
capacity of 4 lb/uni t ,  HEPA f i l t e r s  on the  yellow cake off-gas 
from the  model m i l l  would need t o  be replaced every 8 days using 
an impingement precleaner, every 26 days with a low-energy 
ventur i ,  or every 132 days with a high-energy ventur i  or reverse 
j e t  bag house. 
3. Excessive moisture can impair t he  eff ic iency of t he  f i l t e r .  It 
i s  mandatory t o  remove a l l  entrained moisture or t o  heat t he  
a i r  above the  dew point.  
4. Fi re s  can ser iously damage a f i l t e r  as  t h e  r e s u l t  of overheating 
the  f i b e r  m a t  or burning the  wooden frame. 
5. There i s  a deficiency of the  type of operating data  t h a t  can be 
extrapolated f o r  design purposes. 5 
4.3.1.4 Charcoal Delay Traps. - Since radon has a r e l a t i v e l y  short  
ha l f - l i f e  of 3.8 days, systems which delay the noble gases can be used 
e f f ec t ive ly  t o  reduce the  t o t a l  a c t i v i t y  by radioactive decay. I n  the  
dynamic absorption process, a gaseous species i n  a flowing c a r r i e r  gas 
stream i s  physically adsorbed on t h e  surface of a so l id  adsorbent. 
Although the  adsorbate i s  not bound permanently t o  the  adsorbent, i t s  
e x i t  from t h e  adsorption bed i s  delayed with respect t o  the  c a r r i e r  gas. 
Thus, the short- l ived noble gas disappears by radioactive decay while 
it i s  retained on the  charcoal bed. Currently, ac t iva ted  charcoal i s  
used t o  remove krypton and xenon from the  gaseous e f f luents  of nuclear 
It should a l so  be possible t o  remove radon by generating plants .  
dynamic absorption i n  a charcoal bed. The decontamination or removal 
f a c t o r  f o r  radon can be calculated from the  equation given by Adms 
e t  a l . ,  
u 
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a using 6,000 as the  adsorption coef f ic ien t  f o r  radon on charcoal 
a t  room temperature. 9'10 Theoretically, a f ive-stage charcoal bed 
containing 3,000,000 l b  of charcoal should remove 99% of the  radon from 
a 5,OOO-cfh a i r  stream. 11 
The following items apply t o  the  design and operation of charcoal 
adsorption beds : 
1. 
2 .  
3. 
4. 
5. 
6. 
A f i l t e r  i s  needed upstream of the  charcoal bed t o  prevent 
plugging of the  bed, and a HEPA f i l t e r  i s  needed downstream 
of the  bed because " O R n  daughters (and, by inference, 
daughters) are not quant i ta t ively retained i n  the bed. 
daughters are  formed as small, dust par t ic les .  
Relative hwnidity of the a i r  stream must be <5C%. 
Shielding w i l l  be required because of the increasing radio- 
ac t iv i ty  level .  
Buildup of mass and heat i s  negligible.  
Large charcoal beds are  a po ten t ia l  f i r e  hazard. 
There i s  a deficiency of both laboratory and operating data 
t h a t  can be extrapolated f o r  design purposes. 
22Zh 
The 
It i s  possible t o  reduce the s ize  of the charcoal beds by lowering the 
temperature; however, the  cap i t a l  cost  of a Freon scrub system t o  dry 
the moist a i r  i s  estimated as $2 mill ion or $3 mil l ion f o r  1,000 cf'm. 11 
4.3.1.5 Windbreaks Around Ore Unloading Area, - Beginning with 
Case 4, windbreaks are  added around the ore unloading area t o  reduce 
wind drying of the  ore  and the  resul t ing dust problems. 
windbreaks today. 
unloading area cannot be estimated because it i s  a minor source compared 
with the  t a i l i n g s  areas. 
needed, unloaded, and fed  t o  the  gr izz ly  with r e l i t i v e l y  l i t t l e  dusting. 
Ore i s  not ordinar i ly  stockpiled near the  m i l l  unless the mine i s  some 
distance away. 
Some mi l l s  use 
The amount of dust and radon ar i s ing  i n  the  ore 
Ore i s  trucked t o  the  typ ica l  m i l l  as it i s  
4.3.2 Case Studies 
A s e r i e s  of increasingly effic,ent (and expensive) treatments f o r  
removing pa r t i cu la t e  matter from m i l l  off-gas streams are  presented i n  
Tables 1.1 and 4.3-4.5. 
i n  Figs.  4.3-4.14; t h e  equipnent i s  l i s t e d  i n  Sect. 6.0. 
base case f o r  the  model m i l l  used i n  the  incremental cost  analysis.  
Orif ice-  o r  baffle-type wet scrubbers are used t o  clean the  a i r  from 
t h e  crusher building and ore  bins, and a w e t  impingement scrubber i s  
used t o  clean the  off-gas from the  uranium concentrate drying and pack- 
aging operations. 
- 6; however, other than stronger ductwork t o  withstand the  increased pres- 
sure drop i n  the  dust-collecting system, there  a re  no basic  changes i n  
t h e  m i l l  design. 
applied t o  the  exhaust a i r  stream from t h e  crusher building, ore  bins, 
and grinding m i l l .  When t h e  charcoal t r a p  i s  used, it i s  necessary t o  
reduce t h e  volume of a i r  t o  be t r e a t e d  by building t i g h t e r  systems and 
wetting dusty ores.  Airflows from ore-handling operations were reduced 
from 22,000 cf'm ( industry average f o r  a m i l l  with ven t i l a t ion )  t o  3,500 
cfm (minimum i n  a m i l l  with ven t i l a t ion ) .  
t h e  e a r l i e r  cases would reduce the  cos ts  f o r  dust col lect ion.  It i s  a l so  
necessary i n  Case 7 t o  bui ld  a hood and duct system t o  co l l ec t  t he  radon 
from the  grinding c i r cu i t ,  which i s  normally vent i la ted  by t h e  general  
building airflow. Radon treatment w a s  postponed t o  Case 7 because the  
amount of radon released during mi l l ing  i n  the  e a r l i e r  cases i s  s m a l l  
compared with t h e  quant i t ies  emanating from t h e  mine and t a i l i n g s  p i l e .  
A s tack i s  not used on the model uranium m i l l s .  The net e f f ec t  of d i s -  
persion through a s tack i s  t o  decrease individual  dose at t h e  boundary 
but t o  increase t o t a l  population dose. 
uranium m i l l s  where the  population densi ty  i s  low near t h e  m i l l  and 
increases at distances where t h e  towns a re  located. 
Flowsheets f o r  t h e  treatment cases a re  shown 
Case 1 i s  the  
More e f f i c i en t  dust co l lec tors  a re  used i n  Cases 2 t o  
Case 7 includes a charcoal delay t r a p  f o r  radon decay 
Reduction of t h e  air f low i n  
This i s  pa r t i cu la r ly  t r u e  at 
4.3.3 Calculation of Source Terms 
The treatment methods and the  estimated alrborne emissions from t h e  
model mi l l s  are  presented i n  Tables 4.3 and 4.5, based on maximum releases  
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a t  the  present time f o r  Case 1. 
238U and i n  pounds of par t icu la tes ,  since future  trends indicate tha t  
t i gh te r  r e s t r i c t ions  may be applied t o  par t icu la tes  independent of the 
radiological impact. 
Tables 4.6-4.9; the  concentrations of airborne radionuclides i n  stack 
o r  vent a i r  streams are shown i n  Table 4.10. 
releases fo r  the  model mi l l s  may be compared with the  survey data i n  
Sects. 9.3, 9.4, and 9.7.2. 
Emissions are  given both i n  curies of 
The complete l i s t  of source terms i s  given i n  
The design and calculated 
Crusher releases from m i l l s  vary widely due t o  differences i n  the 
moisture content of t he  ore (Table 4.4) and differences i n  the  amount 
of vent i la t ion  and type of a i r  treatment (Survey Table 9.9). 
releases a t  the  present time are  probably only l / 5  t o  1/10 the maximum 
releases estimated f o r  the 6% moisture ore, which produces a r e l a t ive ly  
la rge  amount of dust. For example, a m i l l  processing an ore containing 
8% moisture releases only about l/8 as much ore  dust as  does a m i l l  
processing a 6% moisture ore and using the  same type of dust col lector .  
A m i l l  processing a wet (9 t o  1%) moisture ore  and using no dust col- 
l ec to r  would release about 1/5 as much dust as the  m i l l  processing the 
6% moisture ore and using an orifice-type col lector .  Mills handling 
wetter ores do not need as much vent i la t ion  t o  meet t he  occupational 
l imi t s  f o r  dust inhalation. 
r e su l t  i n  lower treatment costs than are  shown i n  Table 4.3. 
m i l l s  process such wet ores t h a t  no vent i la t ion  i s  required, and the  
amount of airborne ore dust leaving the  m i l l  i s  minimal. O f  the  s ix  
mills v i s i t e d  by the  study team i n  the spring of 1973, two were processing 
dusty ores, one was processing an 8% moisture ore, and three were proc- 
essing wet ores.  
Future projections of the environmental impact of t he  mill ing industry 
should be based on the estimates f o r  wet ores i n  Table 4.4, ra ther  than 
the maximum releases of Table 4.3. 
"Average" 
The use of lower airflows, i n  turn,  would 
Some Wyoming 
Five of the s i x  mi l l s  were using dust col lectors .  
Treatment of yellow cake d u t  i s  similar a t  a l l  m i l l s ,  with the ex- 
ception of one m i l l  which uses a highly e f f i c i en t  venturi  scrubber (Survey 
Table 9.10). 
t he  maximum releases (Survey Table 9.12). 
Average losses by the  industry are probably about 0.8 times 
The radium plus thorium i n  the  
- 1  
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yellow cake contribute more than half t he  t o t a l  body and bone dose (10% 
l oca l ly  produced food) due t o  yellow cake dusts (Sect.  7.4.1). Because 
da ta  a re  not available f o r  t he  amine solvent extract ion process, t he  226Ra 
a c t i v i t y  of t h e  yellow cake i s  assumed t o  be O.% and t h e  230Th a c t i v i t y  
i s  assumed t o  be 5% of the  238U ac t iv i ty ,  based on da ta  f o r  t h e  obsolete 
a lky l  phosphoric acid solvent extract ion process. 12J13 These estimates 
may be high f o r  t h e  amine solvent extract ion process. Although the  ion 
exchange process i s  not pa r t  of t h i s  study, it should be noted tha t  a t  
one ion exchange m i l l  t h e  '"Ra content of the  yellow cake i s  only 0.06% 
of t h e  238U a c t i v i t y  and t h e  230Th i s  only 0.8% of the  238U ac t iv i ty .  
The radium a c t i v i t y  of t he  alkaline-leach yellow cake i s  assumed t o  be 
2% of the  uranium, based on flowsheets s imilar  t o  those i n  use today. 
However, t h e  data  a re  15  years old and probably should be rechecked, as 
improvements have been made i n  radium analy t ica l  techniques s ince tha t  
time. 
14 
1 2 9 1 3  
4.4 Liquid and Sol id  Effluents from the  Model M i l l  
Uranium m i l l s  produce la rge  quant i t ies  of l i qu id  and so l id  wastes, 
i . e . ,  1 ton  of so l id  waste and 1.05 tons (model alkaline-leach m i l l )  
or 1.50 tons (model acid leach--solvent extract ion m i l l )  of l i qu id  waste 
f o r  each ton of ore  processed. The compositions of t h e  wastes a re  given 
i n  Tables 4.11 and 4.12. 
nuclides i n  t he  l i q u i d  e f f luent  ul t imately a re  re ta ined as so l id  waste 
following na tura l  evaporation or  treatment. The s o l i d  waste d i f f e r s  
from gaseous and l i qu id  wastes because it remains a f t e r  t h e  m i l l  has 
closed as a possible long-term source of hazardous e f f luents .  A t  t he  
end of  t h e  20-year l i f e  of t h e  model m i l l ,  t he  waste p i l e  w i l l  contain 
-77,000 C i  of radionuclides, i . e . ,  7,500 C i  of each member of t h e  230Th 
decay chain plus 500 t o  700 C i  each of 238U and i t s  daughters above 230Th 
(Fig. 9.1). 
radwastes a re  shipped o f f - s i t e  t o  an approved repository, t h e  uranium 
mil l ing industry i s  concerned with on-site so l id  waste disposal.  
Except f o r  seepage losses,  most of t h e  radio- 
Unlike other  phases of t he  nuclear f u e l  cycle where so l id  
I n  the  case studies,  l i qu id  and so l id  e f f luents  from uranium m i l l s  
a re  t r e a t e d  t o  reduce o r  prevent contamination of air ,  surface water, 
underground water, and surrounding surface land. Wastes a re  impounded 
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i n  on-si te  re ten t ion  areas of varying degrees of containment. Soluble 
species may be prec ip i ta ted  from l iqu ids  o r  t h e  water evaporated f o r  
recycle t o  the  m i l l .  
erosion, o r  incorporated i n  asphalt  o r  concrete t o  improve the  long-term 
i n t e g r i t y  of the  s tored waste. 
over the  sol ids .  Management of l i q u i d  and s o l i d  wastes i s  intertwined 
because the  l i q u i d  i s  of ten  used as a t ransportat ion vehicle f o r  the  
so l ids ,  while t he  slimes f r ac t ion  of the so l ids  cannot be readi ly  sep- 
arated from the  l iqu id .  Many of t he  assumptions and treatment cases 
were developed from the  background survey of present i n d u s t r i a l  pract ices  
and laboratory research i n  radwaste management (Sect. 9 .0) .  
Solids may be covered t o  prevent wind and water 
A radon diffusion b a r r i e r  may be placed 
4.4.1 Waste Management Methods 
4.4.1.1 Tailings Impoundment. - The main repository f o r  uranium 
m i l l  wastes current ly  i s  an on-si te  t a i l i n g s  impoundment which r e t a ins  
a l l  so l ids  and l iqu ids  except those l o s t  by seepage or wind erosion. 
I n  t h e  semiarid climate of t he  model m i l l  s i t e s ,  t he  na tura l  evaporation 
r a t e ,  4 f t  net annually i n  Wyoming and 7.25 f t  i n  New Mexico, i s  suf f ic ien t  
t o  dispose of the  water. 
the  model solvent extract ion m i l l  located i n  Wyoming, using an evaporation 
pond with a sealed bottom t o  minimize seepage. This includes a 2% safe ty  
fac tor  f o r  such contingencies as an abnormally low evaporation r a t e  over 
several  years. 
where t h e  bottom has a na tu ra l  slope. For example, t he  l i qu id  l e v e l  w i l l  
r i s e  rapidly during the  f i r s t  several  years. Then, as the increased area 
causes increasing evaporation, t he  l e v e l  w i l l  r i s e  more slowly. I n  the  
typ ica l  case where so l ids  a re  impounded i n  the  same basin, the  so l ids  
cause an addi t ional  r i s e  of the  pond leve l .  During the  l a s t  several  years 
of t h e  20-year m i l l  l i f e ,  t he  l i qu id  inventory w i l l  be almost constant, 
i. e . ,  evaporation, seepage, and l i qu id  re ten t ion  by the  so l ids  w i l l  balance 
the  flow from the  m i l l .  For simplicity,  a wedge with a square surface 
has been chosen t o  describe the pond and resu l tan t  t a i l i n g s  deposit f o r  
purposes of evaporation, construction, and source term calculat ions (Fig. 
4.15). 
The maximum pond area required i s  194 acres f o r  
The l i qu id  l e v e l  w i l l  not be steady i n  a t yp ica l  pond 
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The t a i l i n g s  re ten t ion  area i s  s i t e d  within 3,000 f t  of t h e  m i l l  
near t h e  upper reaches of a gently sloping na tura l  drainage area, and a t  
least 200 f t  from any surface stream or permeable formation such as 
a l l u v i a l  deposit or volcanic rock. 
avoid contamination of surface streams and drinking water supplies (Sects. 
9.5.3 and 9.6.4). The pond i s  formed by construction of a dam across t h e  
lower end of t h e  s i t e .  The geologic s t ruc tures  of the  substrate  a re  such 
t h a t  whatever seepage occurs i s  e s sen t i a l ly  uniform across the  surface 
and does not communicate with water-bearing s t r a t a  t ha t  may be used i n  the  
food chain t o  man.  Diversion dams and di tches  a re  constructed t o  prevent 
surface water from entering t h e  pond during operation and flowing through 
t h e  waste deposit a f t e r  s tab i l iza t ion .  The dam i t s e l f  i s  located where 
t h e  required surface a rea  f o r  evaporation and volume f o r  so l ids  storage 
i s  provided. 
S i t e  se lec t ion  i s  very important t o  
I n  ear ly  cases, a s t a r t e r  dam or dike i s  constructed of nat ive borrow 
mater ia l ,  while t h e  remainder of t h e  dam i s  b u i l t  from the  t a i l i n g s  them- 
selves.  
or s e t t l i n g  t o  provide the  sand f r ac t ion  f o r  t he  dam. 
t h e  construction of t h e  t a i l i n g s  re ten t ion  dam are  given i n  an AEC l icensing 
guideline,15 which enumerates minimum information requirements such as  
drawings, design, geologic data, and maintenance plans. C r i t e r i a  a re  sup- 
p l i e d  with regard t o  s i t e ,  construction material ,  dam s i ze  and shape, f ree-  
board, seepage control,  protect ion of surface, construction methods, 
maintenance, and inspection. Additional information about t he  design of 
dams f o r  m i l l  t a i l i n g s  including computer programs f o r  s t a b i l i t y  analysis 
and phreat ic  waterline estimation i s  given i n  a review paper by Kealy and 
Soderberg . 
The t a i l i n g s  are  hydraul ical ly  c l a s s i f i e d  e i the r  by hydroclones 
The c r i t e r i a  for 
16 
I n  l a t e r  cases where seepage i s  minimized, t he  dam i s  constructed t o  
r e t a i n  water. 
shale, and t h e  remainder of t h e  dam i s  constructed of compacted borrow 
A c lay  core i s  keyed t o  impervious rock strata such as 
material .  No t a i l i n g s  a re  used i n  t h e  dam i t s e l f ,  but t h e  sands are  
deposited along the  upstream side,  forming a beach t o  keep the  dam from 
becoming water-saturated and t o  protect  it from erosion by waves on the  
pond. Core d r i l l i n g s  and surveying are done t o  ensure a good foundation 
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f o r  t he  dam and low seepage through t h e  bottom of t h e  pond. I n  some 
cases, t he  bottom and s ides  of t h e  pond are  l i ned  with an impervious 
membrane of 5/16-in.-thick asphalt l a i d  on a f i r m  nat ive s o i l  base t o  
minimize seepage. Acidic wastes a re  neutral ized before they a re  placed 
i n  an asphalt-l ined pond, since acid w i l l  chemically damage the  l ining.  
4.4.1.2 Precipi ta t ion of Soluble Radioisotopes. - Uranium m i l l s  
have large volumes of l i qu id  eff luents  which a re  e i the r  acidic  o r  basic 
and contain dissolved radioisotopes i n  addition t o  other chemicals 
(Sect. 9.5.1). Radionuclides can be prec ip i ta ted  from the  l i qu id  wastes 
(Sect. 9 .5 .6)  t o  reduce t h e  amount released t o  the  environment through 
seepage and accidents. 
Lime neut ra l iza t ion  of acid-leach ef f luents  t o  a pH of 8 w i l l  pre- 
c i p i t a t e  9% of t h e  radium,’* most of t h e  heavy metal ions such as thorium, 
uranium, arsenic,  e tc . ,  and anions such as su l fa te ,  as well  as eliminating 
the  excess ac id i ty  (Sect. 9.5.6). 
other  radionuclides, 9% prec ip i ta t ion  i s  assumed i n  the  source-term 
calculat ions,  although theory indicates  t ha t  probably >9% of the  thorium 
i s  removed. 
s o l i d s )  from the  l a s t  washing stage i n  the  CCD c i r c u i t  of the  m i l l .  
tanks i n  se r i e s ,  with a t o t a l  residence time of 2 hr ,  a re  used t o  e f fec t  
complete c rys t a l l i za t ion  of t he  gypsum (CaS04.2&0) product. 
imizes delayed gypsum deposit ion i n  the  pipel ine t o  the  t a i l i n g s  pond. 
Equipent  for receiving, s tor ing,  and slaking of t he  lime i s  necessary t o  
provide f o r  continuous operation. 
34.4 tons of Ca(0H)Z per day. 
I n  t h e  absence of d i r ec t  da ta  f o r  t he  
Slaked lime i s  added t o  the  t a i l i n g s  s lu r ry  ( l i qu id  and 
Three 
This min- 
The theo re t i ca l  lime requirement i s  
Copperas. - Radium i s  t h e  only radionuclide, except uranium, which 
dissolves t o  any s igni f icant  extent during alkal ine leaching, and most of 
it prec ip i ta tes  with the  uranium concentrate product (Sect. 9.3.3). The 
small amount of dissolved radium i n  alkal ine waste solutions can be re- 
duced by treatment with copperas, FeSO4*%0 (Sect. 9.5.6). 
efficiency i s  assumed f o r  a single-stage treatment.12 
as a d i l u t e  solut ion with t h e  waste s lur ry  i n  the  amount of 0.2 g of 
FeS04*%0 per l i t e r  of solution. 
A 75% removal 
Copperas i s  mixed 
Mixing i s  accomplished i n  t h e  pipel ine 
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t o  the  t a i l i n g s  pond. 
s ince the  purpose of t he  treatment i s  t o  reduce the  concentration of radio- 
nuclides i n  solution. 
Solids separation i s  not made a f t e r  t h e  prec ip i ta t ion ,  
The copperas requirement i s  0.42 ton/day. 
4.4.1.3 Metal Evaporators. - D i s t i l l a t i o n  r e t a ins  soluble s a l t s  i n  
the  l i q u i d  eff luent  as a concentrated solut ion which can be fu r the r  t r ea t ed  
f o r  disposal  while t h e  condensate i s  recycled t o  the  m i l l .  
separation (decontamination) f ac to r  of more than 10,000 between condensate 
and concentrated l iquor  i s  generally a t ta ined  f o r  nonvolati le contaminants 
t r e a t e d  i n  a single-stage evaporator. 
the  usual  water supplied t o  a m i l l  i n  a semiarid climate. 
ing su l fur ic  acid a re  neutral ized with lime before evaporation. 
An ove ra l l  
The condensate w i l l  be purer than 
Wastes contain- 
D i s t i l l a t i o n  i s  a lso used i n  one advanced case (Case 6c)  t o  recover 
water and n i t r i c  acid for recycle t o  t h e  m i l l  and t o  concentrate t he  
soluble s a l t s .  I n  t h i s  case, a single-stage evaporator i s  used, along 
with a r e c t i f i c a t i o n  tower, t o  prepare concentrated n i t r i c  acid (13 Id). 
The equipment i s  constructed of s t a in l e s s  s t e e l .  
i s  commonly used a t  nuclear power p lan ts  and nuclear f u e l  reprocessing 
plants ,  but t he  evaporator required i s  much l a rge r  than any now used i n  
other  nuclear f a c i l i t i e s .  
This type of equipment 
4.4.1.4 Temporary and Interim Control of Tail ings Dust. - All case 
s tudies  have provisions f o r  l imi t ing  t h e  blowing of 
t he  interim period a f t e r  m i l l  operations have ceased and before the t a i l i n g s  
are  s t ab i l i zed  and, except f o r  Case 1, provide temporary dust control  while 
t he  m i l l  i s  operating. Temporary and interim t a i l i n g s  dust control  has not 
been pract iced t o  any great  extent i n  the  pas t ,  although a few mi l l s  have 
small, experimental, vegetation p lo t s  and the "new" R i f l e  p i l e  was sprin- 
kled and vegetation establ ished a f t e r  the  m i l l  w a s  placed on a standby 
bas is  (Sect. 9.6.6). 
cont ro l  as pa r t  of t h e  environmental review i n  issuing or renewing m i l l  
1 i ~ e n s e s . l ~  
operating mi l l s  as t h e i r  l icenses  a re  renewed.17 Control of dust i n  the  
act ive t a i l i n g s  area while the m i l l  i s  operating i s  not present ly  required, 
17  provided the t o t a l  airborne e f f luents  are  below Mpc at the s i t e  boundary. 
t a i l i n g s  dusts during 
AEC policy now requires  a plan f o r  interim dust 
It i s  an t ic ipa ted  t h a t  these ru les  will apply t o  a l l  current ly  
38 
Temporary Tailings Dust Control, M i l l  Active. - A 
selected f o r  temporary cont ro l  of dusts on dry, exposel 
0 
chemical spray was 
beaches i n  the 
case s tudies .  A chemical such as calcium magnesium lignosulfonate i s  
applied i n  aqueous medium using a lightweight t ravel ing spr inkler  head. 
Water pressure propels the  spr inkler  so t h a t  t he re  i s  no need t o  use 
vehicles o r  heavy equipment which could mire i n  the  slime areas.  Although 
the  chemical coating i s  not permanent, it generally l a s t s  at l e a s t  a year, 
which i s  su f f i c i en t  since the  coating i s  buried l a t e r  under t a i l i n g s  and 
must be reapplied per iodica l ly  anyway. The t a i l i n g s  s lu r ry  i s  placed i n  
the  basin i n  a manner such t h a t  a l l  t a i l i n g s  a re  e i the r  wet or are  beneath 
the  temporary coating. While the  model m i l l  i s  act ive,  at l e a s t  half  (and 
sometimes e s sen t i a l ly  a l l )  of the t a i l i n g s  are  wet, depending upon the  
process and the  na tura l  evaporation r a t e  at the  s i t e .  
temporary control  thus var ies  from I 2  t o  78 acres. 
18 
The area requiring 
Cost estimates are  
based on covering a l l  exposed t a i l i n g s  every other  year. 
treatment i s  a temporary cover of mine waste or ear th.  This i s  considerably 
cheaper (a  f ac to r  of 1 0  l e s s )  i n  s i tua t ions  where (1) the t a i l i n g s  beach i s  
consolidated sand which w i l l  support earth-moving equipment, and (2 )  earth- 
moving equipment can be borrowed from the  mine so t h a t  no c a p i t a l  investment 
i s  required. Sprinkling t o  control  dust i s  not p r a c t i c a l  i n  winter when 
pipes must be drained t o  prevent freezing. 
An a l te rna t ive  
@ -  
Interim Tai l ings Dust Control, Mill Closed. - A f t e r  t he  m i l l  closes,  
t he  pond must evaporate o r  be drained (water pol lut ion problem) and the  
t a i l i n g s  allowed t o  dry before the  p i l e  can be s tab i l ized .  
quire a period of several  years, during which there  w i l l  be la rge  areas of 
dry t a i l i n g s  t h a t  are  f r e e  t o  move when the  winds blow. 
may never dry completely, since the  t h i n  c rus t  which forms over the  
quagmire re ta rds  fu r the r  evaporation. Generally, the  p i l e  can be worked 
i n  one t o  th ree  years if  the  pond i s  drained o r  d r i e s  rapidly.  
cover i s  l a i d  per iodica l ly  whenever the  area of exposed, dry t a i l i n g s  
reaches some maximum value. With the  m i l l  closed, personnel a r e  not 
readi ly  avai lable  t o  continuously l a y  cover. 
interim dust control  i n  the  case s tudies .  
ea r th  cover could be used by employing an outs ide contractor with a 
This may re-  
The slimes pond 
The interim 
18 Chemical spray i s  used f o r  
Alternatively,  mine waste or 
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dragl ine t o  l a y  cover near t he  slimes pond. 
ea r th  cover would be disturbed t o  obtain s a n d f i l l  f o r  t he  slimes pond, 
probably 75% of it would not be disturbed i n  t h e  f i n a l  grading and s t a -  
b i l i z a t i o n  of the  p i l e .  
While some of the  temporary 
4.4.1.5 S tab i l i za t ion  of Tail ings.  - A l l  case s tudies  provide long- 
term s t ab i l i za t ion  of the t a i l i n g s  against  wind and water erosion a f t e r  
t h e  mill has ceased operations. S t ab i l i za t ion  of uranium m i l l  t a i l i n g s  
i s  required by current AEC policy under the  National Environmental Policy 
Act (NEPA), and by the  s t a t e s  of Arizona, Colorado, Oregon, Tennessee, 
Texas, and Washington." Experience i n  s t ab i l i z ing  p i l e s  i s  discussed 
i n  t h e  survey Sect. 9.6.6. 
I n  the  case s tudies  a f t e r  m i l l  operations have ceased and the  pond 
has evaporated o r  been drained, t he  p i l e  i s  graded t o  provide a gradual 
slope and eliminate depressions where water might co l l ec t .  Side slopes 
are  s t ab i l i zed  with r iprap,  dikes, and reduction of grades. Drainage 
ditches a re  provided around the  p i l e  edges t o  prevent surface runoff 
from neighboring land from reaching the  t a i l i n g s .  The t a i l i n g s  are  then 
covered with 6 in .  (or more) of ea r th  topped by 6 in .  of e i the r  coarse 
rock or vegetation. Rock was selected for New Mexico, s ince the  na tura l  
p rec ip i t a t ion  (6 t o  8 in . /year)  will not support a vegetation cover. 
experience i n  reclaiming both t h e  Monticello t a i l i n g s  p i l e  and the  Exxon 
mine waste pump indicates  that t h e  14-in. annual prec ip i ta t ion  at the 
Wyoming s i t e  i s  su f f i c i en t  t o  maintain vegetation without i r r i g a t i o n .  
Some maintenance w i l l  probably be required i n  perpetuity,  such as  repa i r  
of storm or animal damage, cleaning out divers ion di tches ,  replacing 
fences, occasional reseeding, e t c .  Access would be r e s t r i c t e d  by appro- 
p r i a t e  fences and signs.  
floods, avalanches, earthquakes, o r  other  na tura l  events of s ignif icance 
i s  necessary t o  ensure t h a t  the i n t e g r i t y  of t h e  cover i s  maintained. 
The 
Inspection a t  regular  i n t e rva l s  and following 
4.4.1.6 Radon Diffusion Barr ier .  - Radon-222 gas w i l l  emanate from 
the  t a i l i n g s  p i l e  unless both the  '"Ra parent (ha l f - l i f e ,  1,620 years)  
and thorium grandparent ( h a l f - l i f e ,  83,000 years)  are  removed o r  a radon 
d i f fus ion  ba r r i e r  i s  placed over t he  p i l e  t o  r e t a rd  the  r a t e  of d i f fus ion  
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and permit par t  of the radon t o  decay i n  t r a n s i t  (Sect. 9.7.1). 
Thick ea r th  covers of 8 t o  20 ft will reduce the  radon emanation by 
80 t o  98% (Fig. 4.16) and w i l l  a lso s t a b i l i z e  the  p i l e  from wind and sur- 
face water erosion. The ear th  covers a re  topped by e i the r  coarse rock 
(New Mexico) o r  vegetation (Wyoming). I n  source term calculat ions t o  
determine the amounts of '"Rn released, it i s  assumed t h a t  the  ear th  
cover has the  at tenuat ion propert ies  f o r  re tarding the  release of "'Rn 
of coarse building sand containing 4% moisture (Fig. 4.16, Sect. 9.7.1). 
This i s  probably r e a l i s t i c  f o r  New Mexico. I n  Wyoming, where the  s o i l s  
are  l i k e l y  t o  contain more moisture, the radon at tenuat ion f ac to r  may be 
higher. 
t he  thinner  (6-in. o r  2 - f t )  e a r th  covers, which eliminate the  release of 
windblown dusts,  have l i t t l e  e f f ec t  on the  radon emanation r a t e .  
The radon at tenuat ion f ac to r  i s  a logarithmic function such t h a t  
Asphalt i s  an excellent radon diffusion ba r r i e r .  2o A 1/4-in. - thick 
asphalt  membrane topped by a 2 - f t  ea r th  cover i s  equivalent t o  16 f t  of 
ea r th  containing 4% moisture; a 5/16-in. - thick membrane i s  equivalent t o  
20 ft  of ear th .  A 1/4-in. membrane has been sa t i s f ac to ry  f o r  l i n ing  a 
leach dump.21 
r i a l l y  reduces the  radon emanation,18 and a l so  appears t o  be about the  
minimum t h a t  can be applied. Thicker membranes provide increased dura- 
b i l i t y  and increased radon attenuation. 
asphalt  from weathering, especial ly  from freezing and thawing. The ea r th  
cover i s  topped by coarse rock or vegetation. 
cluding a i r  sampling f o r  radon o r  radon daughters and occasional patching 
of cracks, will be necessary. 
This appears t o  be about t he  minimum thickness t h a t  mate- 
The ea r th  cover pro tec ts  the 
Periodic inspection, in- 
4.4.1.7 B u r i a l  of Tail ings.  - Unlike other  phases of t h e  nuclear f u e l  
cycle where so l id  radwastes are  packaged and shipped o f f - s i t e  t o  an 
approved repository,  t he  uranium mil l ing industry i s  concerned with per- 
manent, on-site,  solid-waste disposal.  I n  t h e  advanced cases, so l id  rad- 
waste i s  buried i n  l a n d f i l l s  under 20 ft of earth.  Burial i s  above the  
water t ab le  t o  avoid leaching of radioisotopes by na tura l  waters. The 
surface i s  contoured t o  minimize wind and water erosion, and topped by 
vegetation or coarse rock. This re turns  the  surface land t o  l imi ted  use 
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such as  grazing. It minimizes the long-term maintenance and inspection 
t h a t  a r e  necessary t o  ensure the  i n t e g r i t y  of the  p i l e  and reduces the  
l ikel ihood t h a t  an individual  w i l l  inadvertently dig i n t o  a p i l e .  The 
loca t ion  of the  p i l e  and r e s t r i c t i o n s  on excavation and construction 
pro jec ts  are noted on the  deed. 
t a i l i n g s  i n  l a n d f i l l .  Two f e e t  of ear th  i s  removed from the  t a i l i n g s  
basin before mil l ing operations a re  s t a r t e d  i n  order t o  provide a readily 
accessible supply of ea r th  f o r  pa r t  of the cover. Topsoil i s  saved 
separately.  
or other  sources. 
Cost estimates are  based on burying a l l  
The remaining cover must be hauled from mine waste dumps 
While only general  treatment methods a re  used i n  t h i s  study, the  
p o s s i b i l i t y  of returning wastes t o  the  mine could also be considered. 
I n  Wyoming, mi l l s  are  located near the  open-pit mines; thus it may be 
possible i n  l a t e r  years t o  re turn  some t a i l i n g s  t o  the  mine. 
has been mined from the  f i rs t  p i t ,  t he  p i t  could be p a r t i a l l y  backfi l led 
with mine waste from subsequent mining operations u n t i l  the  bottom i s  
wel l  above t h e  water tab le ,  and then sealed with the  asphalt  membrane 
t o  r e t a rd  l i qu id  seepage. Underground mines are  generally wet and, 
therefore ,  are not usually su i tab le  for b u r i a l  of untreated wastes be- 
cause of the  leaching problem. 
i n  cement i n  the  underground mines. This was not included as a case 
study because there  are in su f f i c i en t  da ta  t o  estimate the  amount of 
leaching t h a t  may occur o r  the  movement of the  leached radionuclides. 
If safe ,  placing wastes i n  underground mines has the  obvious advantage 
of not dis turbing the  smface  land. 
After ore  
It may be f eas ib l e  t o  place wastes f ixed  
4.4.1.8 
i n d u s t r i a l  wastes i n  asphalt  has been demonstrated i n  p i l o t  plant  s tudies  
and applied i n  small plants.22 Asphalt provides an impervious coating 
on the  so l id  p a r t i c l e s  so t h a t  water penetrat ion i s  low; consequently, 
leach r a t e s  of water-soluble s a l t s  a re  low. Leaching of s l i g h t l y  soluble 
s a l t s  such as  radium su l f a t e  would be extremely low. The asphalt  coating 
i s  a lso an e f fec t ive  b a r r i e r  t o  the  diffusion of radon, thereby reducing 
i t s  re lease t o  the  environment. A s  applied t o  the  wastes from a uranium 
m i l l ,  only the  slimes f r ac t ion  and solut ion wastes are  incorporated i n  
Fixation i n  Asphalt. - Incorporation of a var ie ty  of 
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asphalt .  
but contains only about 15% of t h e  radioactive mater ia ls  (Sect. 9.3.3). 
The assumptions used i n  calculat ing source terms from materials incor- 
porated i n  asphalt or cement a re  described i n  a separate report  by Godbee 
and Joy. 
The sand f r ac t ion  accounts f o r  50 t o  7fl0 of t h e  so l id  waste 
20 
Waste solutions and slime underflow from the  m i l l  thickeners are  
neutral ized with slaked lime, and the  so l ids  a re  dewatered i n  a thickener 
followed by a continuous f i l t e r .  
i n  a continuous wiped-film evaporator operated a t  160"c t o  yie1.d a water- 
f r e e  product. It i s  important t o  minimize the  moisture content of the  
f i l t e r  cake i n  order t o  avoid a la rge  evaporation load on t h e  evaporator. 
Agitator paddles wipe the  heated w a l l s  of t he  evaporator at -200 rpm and 
provide e f fec t ive  mixing and sa t i s f ac to ry  heat t ransfer .  
which can contain up t o  6 q o  slime sol ids ,  i s  f l u i d  a t  the operating 
temperature and can be pumpedto the  f i n a l  disposal  s i t e .  
mix plant  would be located near t h e  disposal area t o  minimize the  length 
of pipeline.  
The f i l t e r  cake i s  mixed with asphalt 
The product, 
The asphalt  
4.4.1.9 Fixation i n  Cement. - Incorporation i n  cement i s  an established 
method of waste disposal  a t  nuclear i n s t a l l a t ions .  The cemented wastes a re  
then t ransfer red  t o  l icensed b u r i a l  grounds or pumped as a grout belowground 
on-si te  i n to  impervious s t r a t a  such as shale.23 M i l l  t a i l i n g s  s t ab i l i zed  
with Portland cement t o  make a "weak" concrete have been used as b a c k f i l l  
i n  Canadian mines t o  support t he  mine roof and walls. 24-28 Prior  experience 
with cemented b a c k f i l l  i n  mines has been confined t o  nonradioactive t a i l i n g s  
and mostly the  sand f rac t ion ,  although one nickel  mine has successfully 
incorporated 5% minus 325 mesh slimes i n  cement and used the  cemented 
product as b a c k f i l l  i n  mines.26 Application of t he  cemented b a c k f i l l  
technique t o  uranium m i l l  t a i l i n g s  could serve the  dual functions of  mine 
support and t a i l i n g s  disposal. However, as noted i n  Sect. 4.4.1.7, place- 
ment of t a i l i n g s  i n  wet mines i s  not included i n  the  case studies.  
Fixing of t a i l i n g s  wastes i n  cement i s  used i n  t h e  case s tudies  for 
I n  both cases the  t o t a l  so l ids  (sands and slimes) and f o r  slimes alone. 
wastes from t h e  model acid-leach m i l l  a re  neutral ized with slaked lime. 
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The waste s lu r ry  i s  dewatered t o  obtain a t  l e a s t  6% so l ids  before being 
mixed with Portland cement. The r a t i o  of cement t o  waste so l id  a f f ec t s  
strength,  leach r a t e  of radioactive mater ia ls ,  and cost .  Preliminary 
laboratory t e s t s  have shown t h a t  t he  r a t i o  must be a t  l e a s t  1 par t  cement 
t o  20 p a r t s  t a i l i n g s  t o  obtain a m i n i m u m  strength.  29 Resistance t o  leach- 
ing i s  a lso minimum. 
resis tance at higher cost .  Cement products made with slimes only have 
l e s s  s t rength and l e s s  permeability than those made with both sand and 
slimes. 
slimes. However, data  are available r e l a t i v e  t o  the  leaching of Sr 
from cement products containing O a k  Ridge National Laboratory low-level 
waste.23 
f ixa t ion  of uranium m i l l  wastes. The leach r a t e s  f o r  wastes incorporated 
i n  cement have been estimated by Godbee and Joy,2o based on preliminary 
data  using a Sr t r a c e r  i n  cemented uranium t a i l i n g s  specimens. 
A r a t i o  of l/5 yie lds  be t t e r  s t rength and leach 
Leaching data  a re  not avai lable  f o r  cemented products made from 
90  
Additional study i s  needed t o  evaluate t h e  use of cement f o r  
90 29 
4.4.1.10 Nit r ic  Acid M i l l  Flowsheet. - This treatment d i f f e r s  from 
t h e  other  cases i n  t h a t  it i s  not a treatment of a m i l l  e f f luent ,  but i s  
a replacement 
process used i n  the  m i l l  f o r  t h e  recovery of uranium. 
leach most of t h e  radionuclides from the ore so t h a t  the  bulk of t he  
so l id  residue i s  l e s s  hazardous and, consequently, requires l e s s  t r e a t -  
ment f o r  long-term storage (Sect. 4.4.2.8). A concentrated l i qu id  radio- 
act ive waste i s  generated from t h e  leach solut ion t h a t  can be converted 
t o  a form su i tab le  f o r  permanent storage. P i lo t  s tudies  of the process 
have not been made. 
a re  subject t o  more uncertainty than f o r  t he  other  proposals. 
for t he  en t i r e  su l fu r i c  acid leach--solvent extract ion 
The purpose i s  t o  
Consequently, t h e  eff ic iency and cost  for t he  process 
Leaching 
of radium from su l fu r i c  acid-leached t a i l i n g s  w i t h  acid and sal t  solutions 
has been studied3' but appears t o  be less a t t r ac t ive  than the  d i r ec t  n i t r i c  
leach of t he  ore,  which removes uranium, radium, and t h e  other  radionuclides 
together i n  one step.  
The n i t r i c  acid flowsheet i s  shown i n  Fig.  4.12. Ground ore i s  
leached with 3 M n i t r i c  acid at 85"c i n  a s e r i e s  of ag i ta ted  tanks. 
Countercurrent washing i s  accomplished i n  t en  thickeners. 
i s  done very thoroughly so t h a t  t h e  losses  of soluble radionuclides and 
The washing 
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n i t r a t e  with the  discarded sands and slime t a i l s  are  only 0.0% of 
t h a t  present i n  the  leach solution. 
slime t a i l i n g s  a re  deposited where they a re  unobtrusive and covered with 
2 ft  of ear th  topped by vegetation or coarse rock. 
solut ion i s  concentrated by evaporation, and t h e  uranium i s  extracted 
with t r i b u t y l  phosphate i n  a kerosene di luent .  
o ra tor  i s  f ract ionated in to  water and 13 A4 "03, which are  recycled t o  
the  wash and leach c i r c u i t s .  Uranium i s  s t r ipped from the  organic phase 
with water and, a f t e r  evaporation, i s  shipped as a concentrated aqueous 
n i t r a t e  solution. The waste r a f f ina t e  i s  t r ea t ed  i n  a continuous calciner  
t o  convert t h e  metal n i t r a t e s  ( la rge ly  calcium, iron, aluminum, and 
radioactive elements) t o  oxides and t o  recover t h e  oxides of nitrogen f o r  
recycle as n i t r i c  acid. Calcined so l ids  are  fixed i n  asphalt  before 
b u r i a l  by the  method previously described. Most of t h e  equipment i s  
constructed of s t a in l e s s  s t e e l  t o  handle n i t r i c  acid. 
The leached and washed sand and 
The uranium-bearing 
The vapor from the  evap- 
4.4.2 Case Studies 
Treatment cases f o r  l i qu id  and so l id  radwaste a re  summarized i n  
Table 1.1. Case 1 represents current waste management methods and provides 
the  base f o r  t h e  incremental cost analysis.  
phasis on reducing windblown par t icu la tes  from the  act ive t a i l i n g s  area 
and increasing t h e  probabi l i ty  t h a t  t h e  permanent t a i l i n g s  cover w i l l  
remain in t ac t .  
bas i s .  
so l id  waste and reduction of t he  release of soluble radionuclides by 
seepage from t h e  pond. 
r i t y  of t he  wastes. 
t h e  radon emanation t o  very low leve ls .  Flowsheets for t he  treatment 
cases are  shown i n  Figs. 4.3-4.14; t he  equipment requirements a re  l i s t e d  
i n  Sect. 6.0. 
Case 2 places primary em- 
Case 2 treatment methods a re  used current ly  on a l imited 
The middle cases emphasize reduction of radon emanation from the  
The advanced cases emphasize the  long-term integ- 
Case 7 demonstrates t h a t  it i s  possible t o  reduce 
While t h e  m i l l  i s  act ive,  t he  major concerns are  windblown par t ic -  
When t h e  m i l l  closes, l iqu ids  are  no longer pumped u la tes  and seepage. 
t o  t h e  pond and seepage ends. A s  t h e  pond dr ies  out, the  movement o f  
windblown sands and radon emanation increase unless t h e  t a i l i n g s  are  
.. 
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s t ab i l i zed  and covered with a radon diffusion ba r r i e r .  After  the  m i l l  
i s  abandoned, t he  long-term i n t e g r i t y  of t h e  so l id  waste becomes a 
problem. 
term e f fec t s  of the operating m i l l  and the  long-term e f fec t s  of t he  so l id  
t a i l i n g s  p i l e s .  The methods f o r  handling the  t a i l i n g s  while the m i l l  i s  
operating and a f t e r  the  m i l l  i s  closed a re  presented f o r  each case study 
i n  the following sections.  
The treatment cases were designed t o  a l l e v i a t e  both the  short-  
4.4.2.1 Model Tai l ings Impoundment Basin, Cases 1-4  and Case 7. - 
Cases 1-4 and Case 7 have i n  common a wedge-shaped t a i l i n g s  impoundment 
f o r  a l l  types of m i l l s  with a square surface formed by constructing a 
dam across a na tura l  basin near the  upper end of a drainage area (Sect. 
4.4.1.1 and Fig. 4.15). 
surface water. 
t o  t h i s  impoundment basin. During the ear ly  l i f e  of the  m i l l ,  the  s lu r ry  
i s  spigoted on the  upper face of t h e  dam. This deposits t he  sand f r ac t ion  
close t o  the  dam while the  slimes and l i q u i d  flow "upstream" away from the 
dam. This separation i s  e s s e n t i a l  t o  t h e  s t a b i l i t y  of the dam. The f i n a l  
s t ab i l i za t ion  of t he  t a i l i n g s  i s  f a c i l i t a t e d  by placing some sand i n  the  
slimes pond i n  the upper pa r t  of the  basin during the  l a t e r  years of m i l l  
operation. Liquid disposal  i s  by na tura l  evaporation and varying degrees 
of seepage. The maximum height of t h e  dam i s  a r b i t r a r i l y  s e t  a t  100 f t ,  
including 5 f t  freeboard. A minimum beach of 2 acres of dry t a i l i n g s  sand 
i s  maintained along t h e  dam t o  pro tec t  it from wave act ion and avoid dam 
i n s t a b i l i t y  due t o  l iquefact ion.  I n  Cases 1 and 2, the  dam i s  constructed 
of t a i l i n g s  and there  w i l l  a lso  be exposed t a i l i n g s  on the  face of the 
Diversion dams and ditches minimize inflow of 
All l i q u i d  and so l id  process wastes a re  pumped together 
dam. Subject t o  the  above r e s t r i c t ions ,  t h e  impoundments were designed 
t o  keep the  maximum area  of t a i l i n g s  wet, since t h i s  minimizes the  impact 
t o  the  environment, and t o  provide adequate pond area f o r  evaporation, 
including a 2% contingency for abnormal weather conditions. 
so l ids  a re  impounded together;  i . e . ,  t he re  i s  no separate evaporation pond. 
The spec i f ic  parameters of t he  t a i l i n g s  impoundment basins are  given i n  
Table 4.13. These depend upon t h e  m i l l  process, the  net average annual 
evaporation r a t e ,  and the  seepage loss .  
Liquids and 
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A t  the  model m i l l s  other than the Wyoming acid leach--solvent extrac- 
t i o n  m i l l ,  a wedge-shaped impoundment basin with a dam height of 97 t o  
100 f t  (including 5 f t  freeboard) and surface area of 116 t o  121 acres 
contains a l l  t he  t a i l i n g s  and provides su f f i c i en t  area f o r  the  evaporation 
pond, including a 2% contingency f o r  abnormal weather. 
l i f e  of the  m i l l ,  a l l  so l ids  are  wet. As t a i l i n g s  accumulate, there  i s  
insuf f ic ien t  water t o  cover a l l  the  t a i l i n g s  and an exposed, dry t a i l i n g s  
beach* forms which increases i n  area as a nearly l i n e a r  function of time 
u n t i l  the  m i l l  i s  shut down. The dry beach appears a f t e r  5 years of 
operation a t  t he  New Mexico alkaline-leach m i l l ,  and somewhat l a t e r  a t  
the  other mi l l s .  
the  dry beach var ies  i n  s i ze  from 2 t o  66 acres, plus an addi t ional  10  
t o  12 acres i n  t he  face of the  dam i n  Cases 1 and 2. This dry beach i s  
subject t o  wind erosion and represents a source of airborne radioactive 
sol ids .  The r a t e  of emanation of radon a l so  increases as a i r  replaces 
water i n  t h e  voids between the  sol ids .  After  m i l l  operations cease, the  
pond evaporates, leaving 116 t o  1 2 1  acres of t a i l i n g s  on the top  surface, 
plus  an addi t ional  12 acres on the . face  of t he  dam i n  Cases 1 and 2, t o  
be s t ab i l i zed  and covered. 
During the ear ly  
Near the  end of t he  20-year l i f e  of these model mi l l s ,  
The Wyoming acid leach--solvent extract ion m i l l  has a la rge  volume 
of l i q u i d  e f f luent  (1 .5  tons per ton of ore  vs 1.05 f o r  the alkal ine 
leach)  and only 4.0 f t  net average annual evaporation r a t e  (vs 7.25 i n  
New Mexico). 
mill must have a much l a rge r  evaporation area than the other  mi l l s  - 174 
t o  193 acres, allowing 207% contingency f o r  abnormal weather, vs I20 acres 
(Table 4.13). 
necessary area. 
e s sen t i a l ly  a l l  t a i l i n g s  are  underwater, except f o r  t he  t a i l i n g s  used t o  
bui ld  the dam i n  Cases 1 and 2. 
blown pa r t i cu la t e s  from the  ac t ive  t a i l i n g s  area a re  qui te  low and l i t t l e  
temporary treatment i s  needed. However, a f t e r  m i l l  operations cease and 
the  pond evaporates, the  tailings a re  d is t r ibu ted  over a l a rge r  area so 
This has a number of e f fec ts .  The Wyoming solvent extract ion 
Therefore, it has a lower, longer dam t o  provide the 
While the  Wyoming solvent extract ion m i l l  i s  act ive,  
Thus, t he  source terms f o r  radon and wind- 
*Wet beach i s  equivalent t o  t a i l i n g s  covered by a pond i n  estimating the  
source terms and environmental impact. 
47 
t h a t  source terms for an untreated p i l e  and s t a b i l i z a t i o n  costs  are  higher 
than f o r  any of t he  other  model mi l l s .  
Source term calculat ions and the  estimated costs  of temporary and 
inter im cover on exposed beaches are  based on the  average s i ze  of the  
evaporation pond (open water and wet t a i l i n g s ) ,  dry beach, and f i n a l  
t a i l i n g s  deposit .  
f i n a l  s t a b i l i z a t i o n  include t h e - 2 @  contingency i n  the s i ze  of t he  pond 
f o r  abnormal weather. 
l i f e  of t he  m i l l ,  the  addi t iona l  land may be contaminated with l i qu id  
waste so tha t  treatment i s  required; however, t he  amount of t a i l i n g s  de- 
posi ted during high water i s  assumed t o  be small. 
scraped in to  the main t a i l i n g s  deposit .  
The design of the  impoundment basin and the  cost  of 
It i s  assumed t h a t ,  at times during the  20-year 
These t a i l i n g s  are  
4.4.2.2 Case 1 (Current, Base Case). - Liquid and s o l i d  wastes are  
pumped as a s lu r ry  t o  the  t a i l i n g s  impoundment basin described i n  Sect. 
4.4.2.1, Table b.l-2, and Fig. 4.15. A 10-ft-high s t a r t e r  dam i s  constructed 
of nat ive s o i l  across a na tura l  basin near t he  upper end of a drainage 
area.  Diversion dams and ditches minimize inflow of surface water t o  the  
t a i l i n g s  impoundment. 
dam, depositing the  sand f r ac t ion  close t o  the  dam while t he  slimes and 
l i q u i d  flow "upstream1' away from t h e  dam. A s  required, t he  height of the  
dam i s  increased by adding t a i l i n g s  sand onto the  dm with a bulldozer or 
dragline, o r  by pumping t he  slurry through a portable hydroclone. Ten 
percent of t he  radionuclides dissolved i n  t h e  l i q u i d  waste a re  l o s t  by 
seepage in to  the  substrate  and through the  dam. 
for t he  most par t ,  by na tura l  evaporation from the  re ten t ion  pond. 
New Mexico s i t e ,  where the  net evaporation r a t e  i s  7.25 f t /year ,  the  av- 
erage pond areas required for evaporation a re  80 acres for t he  acid leach-- 
solvent extract ion m i l 2  and 50 acres for t he  alkaline-leach m i l l .  A t  t he  
Wyoming s i t e ,  where the  net evaporation r a t e  i s  4 f t /year ,  t he  average 
evaporation area required i s  145 acres for the  acid leach--solvent extrac- 
t i o n  m i l l  and 91 acres for t he  a lka l ine  m i l l .  Near the  end of the 20-year 
l i f e  of the  model m i l l ,  t he  area of dry beach and t a i l i n g s  i n  the face of 
t he  dam, which a re  a source of windblown pa r t i cu la t e s  and radon, var ies  
from I2 acres at the  Wyoming solvent extract ion m i l l  t o  78 acres at t he  
The s lu r ry  i s  spigoted on the  upper face of the  
Water disposal  'is achieved, 
A t  the  
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New Mexico alkal ine m i l l  (Table 4.13). 
t o  t he  dry beach while t he  m i l l  i s  operating. 
No temporary treatment i s  applied 
During the  interim period a f t e r  m i l l  operations have ceased and while 
t he  pond i s  evaporating, a chemical spray (or, a l te rna t ive ly ,  6 in. of 
ea r th  cover) i s  applied t o  t h e  exposed beach i n  Wyoming. Twenty-five 
acres was se lec ted  as a reasonable maximum f o r  t a i l i n g s  subject t o  wind 
erosion. When the  a rea  of dry beach reaches 25 acres, t he  interim t r e a t -  
ment i s  applied. Four applications a re  required a t  t he  alkaline-leach 
m i l l ,  and s i x  a t  t h e  acid-leach m i l l .  No inter im treatment i s  applied 
i n  New Mexico, where t h e  average wind of 7 mph resuspends l e s s  t a i l i n g s  
dust than does t h e  10-mph average wind i n  Wyoming. 
A s  soon as  possible  (1 t o  3 years)  a f t e r  m i l l  operations have ceased, 
t h e  p i l e  i s  graded t o  provide a gradual slope with no low places where 
water m i g h t  co l lec t .  Side slopes a re  s t ab i l i zed  with r iprap,  dikes, and 
reduction of grades. 
t o  prevent surface runoff from neighboring land from reaching the  p i l e .  
The p i l e  i s  then covered with 6 in .  of ear th  topped by 6 i n ,  of crushed 
rock. Vegetation could be used i n  place of the rock cover i n  areas, such 
as Wyoming, where su f f i c i en t  r a i n f a l l  occurs. This type of s t a b i l i z a t i o n  
eliminates wind erosion of t a i l i n g s  as a source of airborne pa r t i cu la t e s  
and t h e  migration of sand dunes. 
water by na tura l  runoff from the  p i l e ,  but has v i r t u a l l y  no e f f ec t  on 
the radon emanation. Access t o  the  area i s  r e s t r i c t e d  by fencing and 
signs. Regular inspection and occasional maintenance a re  required i n  
perpetui ty  t o  ensure t h e  i n t e g r i t y  of t he  cover. 
Drainage di tches  a re  provided around the  p i l e  edges 
It a l so  eliminates pol lut ion of surface 
4.4.2.3 Case 2 (Limited Current Use). - Liquid and s o l i d  wastes a re  
pumped as a s lu r ry  t o  the  same impoundment area described i n  Case 1 
(Sects. 4.4.2.1 and 4.4.2.2).  
a re  e i the r  kept wet, are  control led by the  chemical spray, or a l te rna t ive ly ,  
a re  covered temporarily with 6 in .  of mine waste t o  prevent wind resus- 
pension of t a i l i n g s  dust carrying radioactive materials.  The cos ts  shown 
are  f o r  the chemical spray. The area t o  be covered i s  a function of 
process, s i t e ,  and age of the  m i l l .  During the  ear ly  l i f e  of t he  m i l l ,  
While t he  m i l l  i s  act ive,  a l l  t a i l i n g s  
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most t a i l i n g s  a re  underwater and l i t t l e  treatment i s  necessary. Near the  
end of t he  20-year l i f e  of t h e  model mill, the  beach plus the dam face vary 
i n  s i ze  from I 2  t o  78 acres (Table 4.13 ) .  The cover i s  regarded as 
temporary . 
After  m i l l  operations cease, periodic treatment of t he  t a i l i n g s  i s  
required t o  minimize wind suspension of t a i l i n g s  dust as  t he  surface dr ies .  
Ten acres has been selected as t he  maximum area of dry, exposed t a i l i n g s  
t h a t  i s  permitted at any s i t e .  When the 10-acre maximum i s  reached, the  
chemical spray o r ,  a l te rna t ive ly ,  a 6-in. cover of mine waste or ea r th  
i s  applied t o  the dry area. Since m i l l  personnel a re  not r ead i ly  ava i l -  
able a f t e r  t he  m i l l  has closed, it does not seem reasonable t o  make more 
frequent applications of the  cover. 
About 2 years a f t e r  m i l l  operations have ceased, t h e  t a i l i n g s  p i l e  
i s  s t ab i l i zed  i n  a manner s imilar  t o  tha t  described i n  Case 1, except 
t h a t  the  f i n a l  cover i s  2 f t  of ea r th  topped by 6 in .  of crushed rock 
ra ther  than the  6 i n .  of ear th  used i n  Case 1. This increases the  prob- 
a b i l i t y  t h a t  the  permanent t a i l i n g s  cover w i l l  remain i n t a c t .  There i s  
l e s s  probabi l i ty  of  surface water eroding the cover or of vegetation or 
animals penetrating through the  cover. 
radon emanation i s  also achieved. 
A small reduction i n  the  r a t e  of 
4.4.2.4 Case 3 (Near Future) ,  - General specif icat ions of the 
t a i l i n g s  re ten t ion  area a re  given i n  Sect.  4.4.2.1. I n  Case 3, the  
t a i l i n g s  basin i s  located over an impervious stratum such as  shale o r  
c lay and the  dam i s  constructed e n t i r e l y  of nat ive mater ia ls  with a 
watertight c lay  core. 
the seepage loss  of water and dissolved radioisotopes t o  2% of the  l i qu id  
No t a i l i n g s  a re  u s e d t o  r a i s e  the  dam. This l i m i t s  
waste. It a lso  eliminates the  exposed, dry t a i l i n g s  on the  face of the 
dam, which s l i g h t l y  lowers t h e  r a t e  of radon emanation (Table 4.20) and 
t h e  cost  of temporary cover t o  cont ro l  blowing dust i n  the  ac t ive  t a i l -  
ings area.  
than i n  Cases 1 and 2 because of t he  reduced seepage. 
mi l l s  and the  Wyoming alkal ine m i l l ,  t h f s  has l i t t l e  e f f ec t  on the  s i ze  
of the  t a i l i n g s  basin. 
The area needed f o r  the evaporation pond i s  l a rge r  i n  Case 3 
A t  the  New Mexico 
However, a t  the  Nyoming solvent extract ion m i l l ,  
the  increase i n  the  s i ze  of the  evaporation pond d i s t r ibu te s  t a i l i n g s  
over a l a rge r  area of land than i n  Cases 1 and 2 (160 vs 147 acres, 
Table 4.13). 
I n  Case 3, exposed beaches are  coated temporarily with a chemical 
spray t o  control  blowing dust.  While t h e  m i l l  i s  act ive,  a l l  t a i l i n g s  
are  e i the r  coated o r  kept wet. During the  interim period a f t e r  the 
mill closes,  a maximum of 10 acres of exposed t a i l i n g s  i s  permitted 
between applications of t h e  coating o r  cover. Final ly ,  t he  p i l e  i s  graded 
and covered with 8 f t  of ea r th  topped by 6 i n .  of crushed rock. 
s t ab i l i ze s  the  p i l e  against  wind and surface water erosion as i n  Cases 1 
and 2, eliminates most penetration of t he  t a i l i n g s  by vegetation and 
animals, and lowers t h e  radon emanation r a t e  by a fac tor  of 5 ,  
inspection and occasional maintenance a re  desirable.  
This 
Regular 
4.4.2.5 Case 4 (Future).  - General specif icat ions of the  t a i l i n g s  
re ten t ion  area a re  given i n  Sect. 4.4.2.1. A watertight,  c lay  core dam 
i s  constructed; i n  addition, the re ten t ion  area i s  l i n e d  w i t h  a 5/16-in.- 
th ick  asphalt  membrane t o  s e a l  the  bottom and s ides .  No t a i l i n g s  a re  
used t o  r a i s e  the  dam. Since the pond i s  sealed, t he  geology i s  l e s s  
c r i t i c a l  than i n  Case 3. However, a firm foundation must be provided 
fo r  the  l i n ing  and dam. Acidic e f f luents  are  t r ea t ed  by neut ra l iza t ion  
t o  p rec ip i t a t e  9% of the  radioactive materials.  
t r e a t e d  with copperas t o  remove 75% of the  soluble and suspended radio- 
act ive mater ia ls .  The combination of chemical treatment and use of a 
sealed pond r e s u l t s  i n  a seepage lo s s  of 0.1% of the water and contained 
radionuclides. Most water i s  l o s t  by na tura l  evaporation. The precip- 
i t a t i o n  of soluble radium from the  pond water and the  decreased area of 
exposed beach cause a decrease i n  radon emanation from t h e  ac t ive  t a i l i n g s  
area. 
waste toward leaching which would occur if the water t ab le  should change. 
Beaches are coated temporarily with a chemical spray t o  control  blowing 
dust. While t h e  m i l l  i s  act ive,  a l l  t a i l i n g s  are e i the r  coated or  kept 
wet. 
acres of exposed t a i l i n g s  i s  permitted between applications of the coating 
or cover. 
Alkaline waste i s  
The asphalt  l i n ing  a l s o  improves t h e  long-term i n t e g r i t y  of the 
During the inter im period a f t e r  t he  mill closes,  a maximum of 10 
After  a 2-year drying period, the t a i l i n g s  p i l e  i s  graded and 
s t ab i l i zed  by one of the  following procedures. 
4a and 4b are  designed t o  i l l u s t r a t e  d i f fe ren t  geologic considerations 
and t o  produce the  same impact (dose) t o  the  environment, but have 
d i f f e ren t  monetary costs.  
The a l te rna t ive  Cases 
Flowsheets a re  shown i n  Figs. 4.6 and 4.7. 
I n  Case 4a, if t h e  t a i l i n g s  a re  wel l  above the  water tab le ,  t he  
p i l e  i s  covered with 20 f t  of ea r th  topped by vegetation or rock a f t e r  
t h e  m i l l  closes.  Twenty f e e t  of ear th  has a radon a t ten tua t ion  f ac to r  
of 0.022. Thus, t he  surface land might be returned t o  productive use, 
such as f o r  grazing beef c a t t l e .  
t h e  t a i l i n g s  or constructing r e s iden t i a l  buildings on t h e  surface are  
recorded on t h e  deed. 
major na tu ra l  events; i n  general, however, t he  waste i s  placed away from 
man's casual reach and w i l l  require minimal a t tent ion.  
s tudies ,  a l l  the  sol ids  are  t ransfer red  t o  t h e  l a n d f i l l .  Al ternat ively,  
t h e  t a i l i n g s  could also be placed i n  a spent open-pit mine i f  t h e  p i t  i s  
f i r s t  backf i l led  with mine waste so t h a t  the t a i l i n g s  a re  wel l  above 
t h e  water tab le .  
Restr ic t ions r e l a t ive  t o  digging in to  
Inspection might s t i l l  be necessary following 
I n  t h e  case 
Case 4b provides an a l te rna t ive  method f o r  achieving a radon at ten-  
uat ion f ac to r  of 0.022. 
t a i l i n g s ,  thus sealing them inside a ta r  box. 
covered with 2 f t  of ear th  topped by 6 i n .  of coarse rock t o  protect  t he  
asphalt from weathering. 
i s  near t he  surface or i f  ear th  f o r  cover i s  scarce. Access t o  t h e  area 
must be r e s t r i c t e d  because the  asphalt  and ear th  covers are  not designed 
t o  be load-bearing. 
maintain t h e  i n t e g r i t y  of t h e  membrane. 
A 5/16-in. asphalt  membrane i s  l a i d  over the  
The asphalt  i s  then 
This method would be used if the  water t a b l e  
Inspection and patching of cracks a re  required t o  
4.4.2.6 Case 5 (Advanced). - A l l  so l ids  (slimes, sands, and precip- 
i t a t e s )  from the  l i q u i d  treatment are mixed with Portland cement t o  form 
a low-strength cemented product (1 par t  cement t o  20 pa r t s  t a i l i n g s )  
and pumped as a s lu r ry  t o  a landfi l l  f o r  disposal  above the  water tab le .  
The landfill i s  l i ned  with asphalt  t o  minimize seepage of t he  excess l i qu id  
t h a t  drains from t h e  slurry before t h e  cemented product hardens. 
eliminates the  movement of windblown dusts,  reduces the  radon emanation 
This 
r a t e ,  and lowers the  long-term leach ra te .  The cemented so l ids  are  
covered with 20 f t  of ea r th  topped by a 6-in. l ayer  of rock. The 5/16-in. 
asphalt  membrane covered with 2 ft  of ea r th  and topped with rock described 
i n  Case 4b could a l so  be used as a f i n a l  cover. 
and cos ts  a re  calculated on the  bas i s  t h a t  the cover would not be placed 
u n t i l  t he  m i l l  has closed. 
mi l l i ng  proceeds, which would lower the  radon source terms f o r  the act ive 
t a i l i n g s  area t o  some extent.  I n  the advanced cases, there  i s  no interim 
period a f t e r  t h e  m i l l  closes while t he  t a i l i n g s  dry. The f i n a l  cover can 
be l a i d  at once. 
The radon source terms 
If convenient, t he  cover could be placed while 
Liquids a re  t r e a t e d  chemically e i the r  by neut ra l iza t ion  (acidic  
e f f luen t s )  or with copperas (a lka l ine  e f f luen t s )  and then pumped t o  a pond 
l ined  with 5/16-in. asphalt  f o r  na tura l  evaporation as i n  Case 4. 
so l ids  a re  not s tored  i n  the basin, a lower dam i s  required than for Cases 
1 t o  4 (Table 4.13). 
cement, but t he  bulk of the  l i qu id  radwaste i s  separated by washing and 
t rea ted .  All so l ids  from the chemical treatment and the  residue from 
evaporation i n  the  asphal t - l ined pond are  incorporated i n  cement with the 
so l id  waste, Flowsheets a re  shown i n  Figs. 4.8 and 4.9. 
Since 
Some l iqu id  w i l l  be incorporated with the so l ids  i n  
4.4.2.7 Cases 6a and 6b (Advanced). - The sand f r ac t ion  i s  washed 
t o  remove mother l iquor  and eas i ly  leached radionuclides, and i s  subse- 
quently placed i n  a l a n d f i l l .  
neut ra l iza t ion  of waste solutions,  which together contain most of the 
radionuclides, are  f ixed  by addition of e i the r  1 par t  Portland cement t o  
20 par t s  of slimes (6a) or asphalt (6b),  and then placed i n  a l a n d f i l l  
above the  water tab le .  
t h e  sands a re  covered with 20 f t  of d i r t  topped by coarse rock. 
amounts of radioactive mater ia ls  released i n  airborne pa r t i cu la t e s  from 
the  exposed sands and the  amount of radon released from the  incorporated 
products are  unacceptably high f o r  an advanced case, i f  the wastes remain 
uncovered while the  m i l l  i s  operating. Fixation i n  asphalt improves the 
res i s tance  of t he  waste t o  leaching and decreases the  r a t e  of re lease of 
radon. 
where both the  sand and slimes are  incorporated i n  cement. 
The slimes f r ac t ion  and prec ip i ta tes  from 
As mil l ing proceeds, both the f ixed  waste and 
The 
However, t h e  amount of radon released i s  higher than i n  Case 5, 
Case 6a i s  
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presented as an a l t e rna t ive  which requires l e s s  cement than Case 5. 
Acidic l i q u i d  wastes a re  f i rs t  neutral ized and then evaporated i n  a 
metal evaporator. The condensate i s  recycled t o  the  m i l l .  Alkaline 
e f f luents  a re  evaporated d i r ec t ly .  No l i qu id  stream bearing radioactive 
mater ia l  i s  discharged t o  t h e  environment. There i s  no evaporation pond. 
Sands are  washed f r e e  of mother l iquor  before they are  discharged. 
Slimes and evaporator residues a re  incorporated i n  cement or asphalt  be- 
fore  the  cement o r  asphalt  product i s  placed i n  the  l a n d f i l l .  
are  shown i n  Figs. 4.10 and 4.11. 
Flowsheets 
4.4.2.8 Case 6c (Advanced). - This case d i f f e r s  from a l l  previous 
cases i n  t h a t  a n i t r i c  ac id  leach i s  subs t i tu ted  f o r  t he  conventional 
su l fu r i c  acid leach. The leached and washed sand and slime t a i l i n g s  a re  
assumed t o  contain 1% of the  radionuclides o r ig ina l ly  present i n  the ore, 
o r  about f i v e  times t h a t  of native s o i l  i n  t he  uranium mining regions. 
Consequently, the  disposal  of these so l ids  can be compared t o  t h a t  of 
mine wastes o r  overburden. It i s  deposited so t h a t  i s  i s  unobtrusive, 
and the  surface i s  s t ab i l i zed  by 2 f t  of ea r th  topped by vegetation or 
coarse rock. 
about 9% of the  radioactive mater ia ls  present i n  the mill waste. 
concentrate i s  incorporated i n  asphalt  and buried under 20 f t  of ea r th  
( s imi la r  t o  Case 6b). 
The concentrated residue from the  leach l iquor  contains 
This 
The liquid wastes are evaporated and the  pure overhead vapors f rac-  
t iona ted  i n t o  water and 13 M "03, which a re  recycled t o  the  m i l l .  The 
evaporator concentrates, containing 99% of the  radionuclides other  than 
the  yellow cake product, a r e  f ixed  i n  asphalt .  Ore sands and slimes a re  
washed as f r e e  of mother l iquor  as possible  before being discharged. The 
slimes f r ac t ion  ca r r i e s  a s m a l l  amount of soluble radionuclides (0.0% of 
the  mother l i quor )  a f t e r  t h e  t e n  washing stages t h a t  a r e  provided i n  the  
model p lan t .  
i n  asphalt ,  a small amount of seepage occurs i n  Case 6c. 
used t o  t ransport  so l ids  i s  recycled t o  t h e  m i l l ,  there  i s  no pond i n  
Case 6c. The flowsheet i s  shown i n  Fig. 4.12. 
Unlike Cases 6a and 6b, where the slimes a re  incorporated 
Since a l l  water 
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Ninety-nine % recovery has not been demonstrated f o r  the  n i t r i c  
For example, Seeley recovered only 95.5% of the acid leach process. 
radium i n  three leaches of ore ground t o  -35 mesh. 30 However, Seeley 
did recover 97.8% of the radium i n  three leaches of the f ine r ,  -150 mesh 
slime t a i l i ngs .  
with f i n e r  grinding and more leaching stages. 
recovery, Case 6c i s  unat t ract ive from a cost-benefit analysis (Sect. 
8 .0) .  
Case 6c assumes tha t  9% recovery from ore i s  possible 
Even with t h i s  optimistic 
4.4.2.9 Case 7 (Advanced). - The purpose of Case 7 i s  t o  demonstrate 
t h a t  it i s  possible t o  decrease the  radon emanation from a s tab i l ized  p i l e  
t o  a low level .  
the  f i n a l  cover. 
6 in .  of coarse rock i s  used. 
factor  of 1000. 
i n  Cases 5 and 6. 
Solids and l iqu ids  are managed as i n  Case 4, except f o r  
A 1-in.  asphalt membrane topped with 2 f t  of d i r t  and 
This reduces the radon emanation by a 
The 1-in.  asphalt membrane could be applied equally well 
The flowsheets are shown i n  Figs. 4.13 and 4.14. 
4.4.3 Calculation of Source Terms 
The t a i l i ngs  area where the  l i qu id  and so l id  eff luents  from the m i l l  
are impounded represents a source of  gaseous, l iquid,  and so l id  radio- 
act ive materials.  Airborne source terms fo r  radon and windblown p a r t i -  
culates while the  m i l l  i s  operating are summarized i n  Tables 4.6-4.9. 
The releases of airborne radioisotopes a f t e r  the m i l l  has been closed are  
summarized i n  Table 4.14 for (1) the interim period while the pond evap- 
orates ,  and ( 2 )  the  long term a f t e r  the f i n a l  s tab i l iza t ion .  Losses of 
radioisotopes by seepage from the  t a i l i n g s  basin are  estimated i n  Table 
4.15. 
properly s i t e d  f o r  zero release of l i qu id  eff luents  t o  surface streams, 
and t h a t  wind erosion i s  t he  only mechanism f o r  moving sol ids  of f - s i te ,  
i. e., removal of t a i l i n g s  does not occur by humans, animals, o r  accidental  
occurrences such as f l a sh  floods, avalanches, o r  other acts  of nature. 
The long-term storage conditions are  selected such t h a t  the t a i l i ngs  are  
expected t o  remain dry. 
i f  the so l id  t a i l i n g s  should accident ia l ly  be immersed i n  water, i s  
I n  a l l  case studies,  it i s  assumed t h a t  the  t a i l i n g s  area i s  
The poten t ia l  release of radioisotopes by leaching, 
5 5  
estimated i n  Table 4.16. 
of the stored waste. 
This i s  an indication of the long-term in t eg r i ty  
The effectiveness of the  l i qu id  and so l id  waste treatment methods i n  
reducing the release of radioactive materials from the  t a i l i n g s  disposal 
area i s  assessed separately for the  release of airborne par t iculates ,  radon 
gas, seepage, and leaching. Estimates of the treatment costs and radio- 
l og ica l  doses a t  0.5 mile are  a lso included f o r  some of these releases.  
Considerations of the costs and doses for the  t o t a l  model plants  i n  the  
case studies are  presented i n  Sects. 6.0 and 7.0; the  cost-benefit 
analyses are discussed i n  Sect. 8.0. 
4.4.3.1 Windblown Part iculates ,  - The f ine  slimes f rac t ion  (<200 
mesh or <80 p) of the t a i l i n g s  contains 85% of the radioisotopes (Table 
9.7).  
t he  slimes are  wet or under water. The slimes tend t o  form a crust  as 
they dry so tha t  the dry slimes are l e s s  readi ly  moved by the wind than 
the  sand fract ion.  However, slimes can become airborne by sa l ta t ion ,  
i. e. ,  when airborne sand grains f a l l  and impact the slime-dust (Sects. 
9.6.3 and 7.2). 31 
than the  heavier sand pa r t i c l e s ,  since the slimes can be ejected in to  
the  turbulent a i r  stream while the sands merely creep along the  surface. 
Variables affect ing the amount of radioisotopes tha t  are  resuspended 
include the wind speed, the area of dry t a i l i n g s  exposed to the  wind, 
The movement of these sol ids  by wind action i s  not s ignif icant  while 
Once airborne, the  f ine  slimes dust w i l l  move f a r the r  
and the concentrations of the radioisotopes i n  t he  dust ,  
veloci ty  of 7 mph i s  used i n  t h i s  study f o r  the model New Mexico s i te*  
and 10 mph for the  Wyoming s i t e ,  based on the meteorological survey pre- 
sented i n  Sect. 7.1. Estimates of annual dust movement caused by dust 
storms are not possible and are  not included i n  t h i s  study, Consequently, 
the  estimated source terms may be low, since, as indicated i n  Sects. 
9.6.3 and 7.2, one 24-hr dust stormmay transport  as much dust as several  
months of average weather. Source terms fo r  the amount of radioactive dust 
*The model New Mexico s i t e  has the  meteorology of the f i r s t -order  weather 
An average wind 
s t a t ion  a t  Albuquerque. 
It should not be automatically assumed tha t  t h i s  i s  the  meteorology of 
t he  uranium mill ing d i s t r i c t  near Grants . 
The mountains may or may not cause perturbations. 
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resuspended by the average 7- or 10-mph 
(1) near the end of the 20-year l i f e  of 
t he  interim period a f t e r  t he  mi l l s  have 
wind blowing 365 days a year 
the  model mi l l s ,  and ( 2 )  during 
been closed and while the pond 
i s  drying are  presented i n  Tables 4.6-4.9, 4.14, and 4.17. 
of t he  sand from the slimes occurs when the  t a i l i n g s  are  spigoted from the  
dam. However, su f f i c i en t  slimes (small  p a r t i c l e s )  remain i n  the sandy 
beach t o  val idate  the  wind suspension model, since only a small amount of 
slimes i s  required. It i s  assumed t h a t  most of the  234Th i n  the t a i l i n g s  
dust has decayed so t h a t  the 234Th a c t i v i t y  i s  the same as the  "*U 
ac t iv i ty .  Source terms calculated from the  theo re t i ca l  resuspension model 
are  i n  agreement with the l imi ted  da ta  avai lable  from environmental mon- 
i t o r ing  (Sects. 9.6.3 and 7.2).  
Some segregation 
Dust Case 1, Active Tailings Area. - Source terms f o r  the ac t ive  
t a i l i n g s  areas i n  this  case represent the maximum impact from operating 
mills (Table 4.17), s ince they are  based on the  maximum dry beach area 
near the  end of the  20-year l i f e  of the model m i l l .  
20-year l i f e  of the  m i l l  w i l l  be s ign i f icant ly  lower. I n  a l l  case studies,  
the  movement of airborne dusts i s  minimized by keeping as m a n y  t a i l i n g s  
a s  possible covered by the pond. Consequently, separate evaporation ponds 
a re  not used i n  t h i s  study. 
The average over the  
Dust Case 1, Inact ive Tailings Area, and Cases 2-7, Active and 
Inact ive Tailings Area. - I n  these cases, exposed t a i l i n g s  a re  covered 
with ear th  or otherwise t r e a t e d  i n  a temporary or permanent manner so 
t h a t  most of t he  time there  w i l l  be no wind resuspension of t a i l i n g s .  
Only Cases 1 and 2 a re  shown i n  Table 4.17, since t h i s  minimum treatment 
i s  suf f ic ien t  t o  eliminate the  problem. 
use of a chemical spray or, a l te rna t ive ly ,  a temporary 6-in. cover of 
ea r th  on the  beaches during operation of t h e  m i l l  (not used i n  Case 1). 
I n  Case 5, t he  cemented f ixed  wastes are  not subject t o  wind erosion; 
i n  Case 6, t he  permanent cover i s  applied as m i l l i n g  proceeds. 
s t ab i l i za t ion  methods a re  used i n  a l l  cases a f t e r  the  m i l l  becomes inact ive.  
Cases 2-4 and Case 7 include the  
Permanent 
Dust Cases 1-4 and 7, inter im Period Between M i l l  Shutdown and 
S tab i l i za t ion  of Tail ings.  - I n  these cases, an inter im period occurs 
between the  time the  m i l l  i s  shut down and the  time t h a t  t he  t a i l i n g s  
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p i l e  can be s tabi l ized.  During t h i s  period of 1 t o  3 years, the pond 
evaporates and the  t a i l i ngs  dry t o  the point t h a t  heavy equipment can 
work on the surface t o  apply the  permanent cover. 
Wyoming s i t e  and i n  Cases 2-4 and Case 7 a t  a l l  s i t e s ,  a chemical spray 
o r ,  a l ternat ively,  a cover of mine waste or ear th  i s  applied periodically 
as the  t a i l i n g s  dry. 
during the  interim period i s  25 acres i n  Case 1 a t  the Wyoming s i t e  and 
1 0  acres i n  Cases 2-4 and Case 7 a t  a l l  s i t e s .  No interim treatment i s  
used i n  Case 1 a t  the New Mexico s i t e  because the amount of t a i l i ngs  
resuspended a t  the New Mexico s i t e  without interim treatment i s  lower 
than a t  the Wyoming s i t e  with interim treatment. 
t he  lower average wind speed at the  New Mexico s i t e .  
resuspension i s  a function of the  cube of the wind speed, the  small d i f -  
ference i n  average wind speed between the New Mexico s i t e  and the Wyoming 
s i t e  has a large e f fec t  on the  source terms. Thus, the  interim source 
term and dose i n  Case 1 f o r  the  untreated New Mexico t a i l i ngs  p i l e s  are  
lower than f o r  the  t rea ted  Wyoming p i l e s  (Table 4.17). There i s  no 
interim period fo r  Cases 5 and 6 since the  f i n a l  s t ab i l i za t ion  and cover 
may be applied as soon as the  m i l l  closes. 
I n  Case 1 a t  the 
The maximum area of untreated dry t a i l i ngs  permitted 
This i s  the  r e su l t  of 
Since par t icu la te  
4.4.3.2 Radon Emanation. - Gaseous radon from the decay of '"Ra 
emanates from both the  so l id  t a i l i n g s  and the pond. Primary emphasis i n  
the treatment cases i s  t o  reduce the long-term release of radon from the 
t a i l i n g s  a f t e r  the  m i l l  has been closed because (1) the  long-term radon 
release r a t e  i s  2 t o  20 times higher than the  release r a t e  from an active 
t a i l i n g s  area associated with an operating mill, and ( 2 )  the population 
density around currently operating mills i s  low so that  the t o t a l  popula- 
t i o n  dose from the  operating mill i s  low (Sect. 7.4), whereas long-term 
t o t a l  population dose estimates are  subject t o  more uncertainty because 
it i s  d i f f i c u l t  t o  predict  future  population pat terns .  
Radon Cases 1-5 and 7, Inactive Tailings Area. - The long-term radon 
source terms f o r  the tailings p i l e  a f t e r  the  m i l l  has been closed and the 
f i n a l  cover placed over the  t a i l i n g s  are  shown i n  Table 4.18. Radon con- 
centrations i n  the a i r  as  a function of distance from the  s tab i l ized  
t a i l i n g s  are given i n  Table 4.19 f o r  Cases 1-4 a t  the New Mexico s i t e .  
I n  Case 1, the  shallow 6-in. cover, which i s  applied t o  eliminate the 
movement of windblown pa r t i cu la t e s  , has l i t t l e  e f f ec t  on radon emanation. 
I n  Case 2, the 2 - f t  cover of ear th  a l so  has l i t t l e  e f fec t .  I n  Case 3, 
an 8-ft ea r th  cover lowers t h e  radon emanation r a t e  by a f ac to r  of 4. 
I n  Case 4, a 20-ft  ear th  cover, or a 5/16-in. asphalt  membrane topped 
by 2 f t  of earth,  reduces the  radon emanation r a t e  by about a fac tor  of 
40. I n  Case 5, incorporation of a l l  so l ids  i n  cement followed by b u r i a l  
under 20 f t  of ear th ,  decreases the  radon emanation r a t e  by a f ac to r  of 
about 1000. I n  Case 7, a 1-in.  asphalt  membrane topped by 2 f t  of ea r th  
lowers the  radon emanation r a t e  by a f ac to r  of 50,000. 
term calculat ions,  it i s  assumed t h a t  the  ear th  cover has the  radon 
a t ten tua t ion  propert ies  of coarse building sand containing 4% moisture 
(Fig. 4.16, Sect. 9.7.1). This i s  probably r e a l i s t i c  f o r  New Mexico, 
but the radon at tenuat ion m a y  be somewhat more e f fec t ive  than this  i n  
Wyoming where t h e  s o i l s  may contain more moisture. 
culat ions a re  given i n  r e f .  20 and Sect. 9.7.1. 
I n  the  source 
Details of the cal-  
Radon Case 6, Inact ive Tailings Area. - I n  Cases 6a, 6b, and 6c, 
the  major object ive i s  t o  reduce the  long-term leach r a t e  of t he  t r ea t ed  
t a i l i n g s .  From the  standpoint of reducing radon releases ,  Case 6 o f f e r s  
no advantage over Cases 5 and 7, i . e . ,  t he  reduction i n  the  radon 
emanation r a t e  i s  about 300 i n  Cases 6a and 6b vs about 1000 and 5O,OOO 
f o r  Cases 5 and 7. I n  Cases 6a and 6b, the  slimes f rac t ion ,  which con- 
t a i n s  85% of the  radioactive materials,  i s  incorporated i n  cement (6a)  
o r  asphalt  (6b).  
about 6, and the  untreated sands then become the  major source of radon 
release.  Thus, t he  20-ft  ea r th  cover over the  sands i s  t he  primary t r e a t -  
ment f o r  radon i n  Cases 6a and 6b. 
fu r the r  reduced by an addi t ional  f ac to r  of 10 i n  Case 6a, o r  by 1000 i n  
Case 6b, i f  t he  sands a re  covered with a layer  of cement (6a) o r  asphalt  
(6b) containing the  incorporated slimes. This treatment i s  not included 
i n  the  case study, t he  estimated source term, o r  t he  cost  estimate f o r  
Cases 6a o r  6b. 
any event i n  Cases 6a o r  6b, it i s  possible t h a t  appl icat ion of the  
membrane might be accomplished within the  costs  l i s t e d  or f o r  a nominal 
This lowers the  radon emanation r a t e  by a f ac to r  of 
The radon emanation r a t e  could be 
Since cementing or asphalting equipnent i s  required i n  
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increase i n  cost .  
9% of the  radioisotopes a re  removed from the  ore by a n i t r i c  acid leach. 
The uranium i s  then recovered and the  l i qu id  waste containing the bulk 
of t he  radioisotopes i s  concentrated i n  an evaporator. The evaporator 
concentrate i s  incorporated i n  asphalt  and buried under 20 f t  of ear th .  
The removal of 9q0 of t h e  radioactive mater ia ls  from t h e  t a i l i n g s  i n  
t h e  n i t r i c  acid leach reduces t h e  radon emanation r a t e  from the  leached 
t a i l i n g s  by a f ac to r  of 100. Thus, deep b u r i a l  of t he  leached t a i l i n g s  
becomes l e s s  important. However, i n  Case 6c, the  leached t a i l i n g s  are  
covered under 2 f t  of ear th .  This reduces the  radon emanation r a t e  by 
an addi t iona l  fac tor  of 1.5 and r e s u l t s  i n  an ove ra l l  reduction i n  radon 
emanation r a t e  f o r  Case 6c of about 150, compared with base untreated 
t a i l i n g s .  
I n  Case 6c, a d i f f e ren t  m i l l  process i s  used wherein 
Radon Cases 1-4 and 7, Interim Period Between M i l l  Closure and 
F ina l  S t ab i l i za t ion  of Tail ings.  - I n  Cases 1-4, and Case 7, an interim 
period occurs between the  time the  m i l l  i s  shut down and the  time tha t  
the  t a i l i n g s  p i l e  can be s tab i l ized .  
years,  t he  pond evaporates and the  t a i l i n g s  dry t o  the  point t h a t  heavy 
equipment can work on the  surface t o  apply the  permanent cover. The 
highest radon release r a t e  occurs during t h i s  period (Table 4.14). 
Radon releases  are  calculated f o r  t he  chemical spray treatment, which 
has no radon attenuation propert ies .  Radon releases  a re  s l i g h t l y  lower 
i f  the  6-in. ea r th  cover i s  used to cont ro l  blowing dust.  
period occurs i n  Cases 5 and 6, s ince the  bu r i a l  of t he  f ixed  wastes can 
be completed inmediately a f t e r  t he  m i l l  i s  closed. 
During t h i s  period of 1 t o  3 
18 
N o  interim 
Radon from Cemented Tailings i n  Underground Mine. -The radon f l u x  
from cemented t a i l i n g s  appears t o  be somewhat lower than the  na tura l  f l u x  
i n  United S ta tes  mines. The calculated flux on the  surface of t he  
cemented product (sands and slimes) i s  2.0 x 
f l u x  measured i n  underground mines var ies  from 5 x t o  5 x 
C i  ernm2 sec-1.32 
Canada, where the  rock porosi ty  i s  probably l e s s  than 1%. 32 
r a t e  of radon emanation from Grand Junction, Colorado, t a i l i n g s  sand i s  
about 2% of the  r a t e  of radon formation,33 the  flux i n  a Colorado mine 
C i  cm-2 sec-l .  The 
The low value i s  from the  E l l i o t t  Lake region of 
Since the  
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i s  probably about 20 times higher o r  1 x loe1* C i  cm-2 sec-l .  
United S ta tes ,  t h e  use of t a i l i n g s  as cemented b a c k f i l l  i n  an underground 
mine would probably not increase the  radon leve ls  i n  the  mine, and may 
possibly reduce the  radon l eve l s  somewhat by seal ing o ld  workings. 
Cemented b a c k f i l l  w a s  not included as a case study because of the un- 
ce r t a in ty  concerning the  p o s s i b i l i t y  t h a t  water might contact t he  cemented 
t a i l i n g s .  
I n  the 
Radon Cases 1-7, Active Tailings Area. - Source terms a re  shown i n  
Table 4.20 f o r  radon emanation from the  ac t ive  t a i l i n g s  area near t he  
end of t he  20-year l i f e  of the  m i l l  when t h e  t a i l i n g s  cover the  maximum 
area and na tura l  evaporation has concentrated the  radium s a l t s  dissolved 
i n  the  pond. Both a pond and a dry beach area a re  present at t h a t  time. 
These source terms represent t he  maximum release of radon from the  operating 
m i l l .  The average over the  l i f e  of the m i l l s  i s  lower for a l l  cases ex- 
cept t h e  acid leach--solvent extract ion m i l l  i n  Wyoming. 
a re  the  major sources of radon. The areas of t he  beaches increase over 
the  20-year l i f e  of t he  m i l l  i n  every instance except t he  solvent extrac- 
t i o n  m i l l  i n  Wyoming, where the  area of dry t a i l i n g s  remains constant i n  
Cases 3, 4, and 7 (Sect. 4.4.2.1). 
a r e  spec i f i ca l ly  designed t o  reduce the  radon emanation from ac t ive  t a i l i n g s  
areas;  therefore ,  no cost  estimates a re  given i n  Table 4.20. In  Cases 5, 
6a, and 6b, f i xa t ion  i n  cement or asphalt  lowers the radon emanation from 
a New Mexico acid leach--solvent extract ion m i l l  by a f ac to r  of about 1.5, 
as compared with Case 1, and from a New Mexico alkaline-leach m i l l  by 
fac tors  of 20 and 50, respectively,  as compared with Case 1, but has l e s s  
e f fec t  a t  Wyoming mills where the  radon emanation i s  already low. I n  
Case 6c, the  n i t r i c  acid leach flowsheet, most of the radium i s  f ixed i n  
asphalt as mil l ing proceeds so t h a t  very l i t t l e  radon i s  released from 
t a i l i n g s .  I n  Cases 2, 3, 4, and 7 the  chemical spray treatment t o  con- 
t r o l  windblown dust has no radon attenuation properties.18 There i s  no 
p r a c t i c a l  way t o  place the  f i n a l  radon diffusion ba r r i e r  over t he  beach 
as mil l ing proceeds because the  grading necessary t o  eliminate low 
places can be done only a f t e r  t he  m i l l  has been closed. I n  Case 6, where 
there  i s  no pond, the  f i n a l  20-ft ear th  cover i s  l a i d  as mil l ing proceeds 
The dry beaches 
No treatments were evaluated which 
61 
so t h a t  no more than 1% of the  t o t a l  so l id  waste i s  exposed. 
estimates f o r  Case 5, where a l l  so l id  wastes a re  incorporated i n  cement, 
a re  based on the  cement s lu r ry  being pumped t o  one asphalt-l ined p i t  and 
t h e  20-ft  ear th  cover being placed a f t e r  t h e  m i l l  has been closed. 
natively,  laying the cover as mil l ing proceeds would fu r the r  reduce t h e  
radon emanation r a t e  from t h e  act ive m i l l  by an addi t ional  f ac to r  of 45, 
at some increase i n  cost  f o r  forms t o  subdivide the  asphalt-l ined t a i l i n g s  
basin. 
The cost  
Alter-  
Detai ls  concerning t h e  source term calculat ions f o r  t he  dry beach 
and f ixed  so l ids  are  given i n  r e f .  20. Values f o r  t he  beach may be 
s l i g h t l y  high because t h e  calculat ions ignore cap i l l a ry  act ion and 
assume t h a t  a l l  t he  beach sand i s  dry t o  a depth of 5 or 1 0  f t .  
pond model i s  used which assumes t h a t  a l l  radon diffusing t o  the  l iquid-  
so l id  in te r face  from t h e  t a i l i n g s  under t h e  pond and a l l  radon from t h e  
decay of radium dissolved i n  the  pond water are  released t o  the  atmosphere. 
Wet beach i s  an equivalent source t o  t a i l i n g s  covered by a s t i r r e d  pond. 
A quiet-pond model, where some of t h e  radon decays as it d i f fuses  through 
t h e  pond, would y ie ld  somewhat lower radon releases .  Since the  dry beach 
i s  usual ly  t h e  major source, t he  assumptions used fo r  t h e  pond have l i t t l e  
e f f ec t  on the  t o t a l  radon release from t h e  t a i l i n g s  area. 
emanation from the  tailings under t h e  pond was calculated using Eq. ( 2 )  
from Sect.  9.7.1. 
A s t i r r ed -  
The radon 
Comparison of Radon Source Terms with Environmental Monitoring Data. - 
Fadon gas concentrations i n  the  a i r  near t h e  model New Mexico solvent 
extract ion t a i l i n g s  p i l e  have been calculated from t h e  source terms using 
meteorology d i lu t ion  fac tors  i n  Fig. 7.2. 
calculated values based on t h e  theo re t i ca l  model a r e  consistent with the 
environmental monitoring sampling and analysis s tudies  performed by the  
Public Health Service. A rigorous comparison of t he  theo re t i ca l  model 
with the  monitoring program i s  not possible without knowing t h e  area of 
exposed t a i l i n g s  and the  meteorology f o r  t he  s i t e s  sampled by the  Public 
Health Service, 
A s  shown i n  Table 4.21, t he  
Natural Background Radon Levels. - Natural radiat ion l eve l s  can vary 
widely from s i t e  t o  s i t e  so t h a t  any comparison i s  s i te -spec i f ic  ra ther  
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than generic. 
t he  radon source t e rns  i n  perspective.  
However, such comparisons may s t i l l  be useful  i n  placing 
The l imi ted  data  avai lable  indicate  t h a t  t he  background radon 
emanation r a t e  from nat ive s o i l s  i s  about 1/500 t h a t  from ore t a i l i ngs .  
The radon flux34 from Yucca F l a t s  s o i l  i s  1.6 x 
(2.04 x lo-’ C i  acre-’ year-’) or about 1/400 t he  emanation from bare 
ore  t a i l i n g s  i n  t h i s  study. 
Company indicated a concentration of 3 t o  7 ppm of U308 i n  the s o i l s  
around t h e i r  Highland m i l l  s i t e .  35 
content of t h e  ore  and, assuming secular equilibrium, would have roughly 
the  same na tura l  radon emanation as the Yucca F l a t s  s o i l .  
compares the  surface f l u x  over a s t ab i l i zed  t a i l i n g s  p i l e  with these 
natural  s o i l  f luxes.  
higher than the  native s o i l  flux, and only i n  Case 7 can the t a i l i n g s  
flux be considered negl igible .  
C i  cm-2 sec-’ 
Preoperationalmonitoring by the  Exxon 
This i s  1/700 t o  1/300 the  U3Oe 
Table 4.22 
I n  Cases 1 t o  3, t he  f lux  i s  300 t o  450 times 
I n  uni t s  of radon concentration i n  a i r  ra ther  than f lux,  the  average 
of t he  na tura l  background radon concentrations measured by the  Public 
Health Service36 near S a l t  Lake City, Utah; Monticello, Utah; and Durango, 
Colorado, i s  0.41 pCi / l i t e r .  The probable na tura l  radon concentration 
f o r  t he  Grand Junction, Colorado, area i s  0.79 pCi / l i t e r .  36 I n  Case 1 
at the  New Mexico s i t e ,  the  maximum radon concentration a t  0.5 mile from 
t h e  s t ab i l i zed  model t a i l i n g s  deposit i s  5 times the  average background 
of 0.41 pCi / l i t e r  measured i n  three  of t he  four mil l ing c i t i e s  by t h e  
Public Health Service; a t  l m i l e  it i s  1 . 5  times background; and at 5 
miles it i s  only 0.15 times background. Thus, i n  Case 1, at 5 miles the 
s t ab i l i zed  t a i l i n g s  have a very low impact on these pa r t i cu la r  communities. 
4.4.3.3 Seepage. - Estimates of the amount of seepage from the 
t a i l i n g s  basin while t he  m i l l  i s  ac t ive  a re  given i n  Table 4.15. 
migration of t h i s  seepage through the  ground i s  discussed i n  Sect. 7.6. 
Unlike the  airborne releases  which are  d i s t r ibu ted  o f f - s i t e ,  seepage does 
not migrate beyond the  p lan t  boundary at 0.5 mile according t o  the  model 
described i n  Sect. 7.6, and should be regarded as the  maximum po ten t i a l  
re lease r a the r  than the  ac tua l  re lease from t h e  m i l l  s i t e .  
seepage does not occur i n  an a r i d  environment, since the  production of 
The 
Long-term 
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l i q u i d  waste ends when the  m i l l  i s  closed and the  pond d r i e s  out. 
c i p i t a t i o n  does not cause addi t ional  seepage, since the  evaporation r a t e  
exceeds the  r a t e  of prec ip i ta t ion .  I n  Cases 1 and 2, seepage losses  are  
estimated a t  1%. 
and the  t a i l i n g s  basin i s  s i t e d  i n  a , s u i t a b l e  locat ion such tha t  seepage 
i s  reduced by a f ac to r  of 5. I n  Cases 4, 5, and 7, seepage i s  reduced 
by a f a c t o r  of 100 by l i n ing  the  basin with asphalt and prec ip i ta t ing  
soluble radioisotopes with lime or copperas. In  Case 4, where so l ids  
and l i qu ids  a re  impounded together,  a l a rge r  and more expensive dam i s  
required than i n  Case 5 where the so l ids  a re  incorporated i n  cement and 
buried i n  a l a n d f i l l .  I n  Cases 6a and 6b, no seepage occurs because a l l  
l i qu id  waste i s  a r t i f i c a l l y  evaporated and recycled t o  the  m i l l .  
most of t h e  l i qu id  i s  evaporated and recycled i n  Case 6c ( the  n i t r i c  acid 
m i l l  f lowsheet) ,  a small amount of l i q u i d  containing soluble radioisotopes 
follows the  slimes f r ac t ion  t o  t a i l i n g s ,  even a f t e r  washing with 10  stages 
of CCD. 
sands a re  separated and the  slimes are  f ixed  i n  asphalt  or concrete, 
sand f r ac t ion  can be washed v i r t u a l l y  f r e e  of mother l iquor .  
evaporation with complete recycle of a l l  l iquid,  as used i n  Cases 6a and 6b, 
i s  both the  most e f fec t ive  and the  most expensive l i qu id  waste treatment 
method. 
Pre- 
I n  Case 3, a watertight c lay core dam i s  constructed 
While 
This i s  not a problem i n  Cases 6a and 6b, where the  slimes and 
The 
A r t i f i c a l  
4.4.3.4 Long-Term Leach Rate. - The long-term leach r a t e ,  i f  the  
t a i l i n g s  deposit i s  t o t a l l y  immersed i n  a flowing stream of water, i s  
estimated i n  Table 4.16. 
term i n t e g r i t y  of the waste. 
t a i l i n g s  are  t o  be s tored i n  dry locat ions,  leaching does not occur i n  
the  case s tudies .  
d r a s t i c  change from an a r i d  t o  a wet environment should occur, and ( 2 )  
the contaminated water communicates with water s t r a t a  used i n  man's food 
chain. i f  t a i l i n g s  a re  t o  be used as back- 
f i l l  i n  a wet mine. Radioactive mater ia ls  can be readi ly  leached from 
t h e  so l id  wastes i n  Cases 1-4a. Encasing the  waste i n  an asphalt  box, 
Cases 4b and 7, lowers the  leach r a t e  by a f ac to r  of 10,000,000,000. 
Case 5, incorporating the so l ids  i n  cemefit lowers the leach r a t e  by a t  
These values give an indicat ion of t he  long- 
Since a l l  case s tudies  specify tha t  t he  
Leaching presents a po ten t i a l  hazard only i f  (1) a 
The leach r a t e  i s  important 
I n  
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l e a s t  a f ac to r  of 100. The leach r a t e s  f o r  mater ia ls  incorporated i n  
cement are  based on scouting t e s t s  using a soluble 90 Sr s a l t  i n  a cemented 
specimen made with t a i l i n g s  and cured f o r  1 month.2g Actual leach r a t e s  
fo r  a s l i g h t l y  soluble radioisotope, such as thorium, f ixed i n  cement 
with a longer cure time are  l i k e l y  t o  be much lower than the  values i n  
Table 4.16. 
However, there  w i l l  probably be i n t e r e s t  i n  using it as cemented b a c k f i l l  
i n  the  mines. Experimental data  on the  ac tua l  leach r a t e  and a de ta i led  
knowledge of the geology of the pa r t i cu la r  mine are  needed t o  evaluate 
the  f e a s i b i l i t y  of using the cemented wastes as backf i l l .  I n  Cases 6a 
and 6b, f i xa t ion  of acid-leached slimes i n  asphalt  or cement reduces the  
leach r a t e  by a f ac to r  of about 6. 
of leachable radioisotopes. 
lowers the  leach r a t e  of t h e  bare t a i l i n g s  by a f ac to r  of aboat 2000. 
Completely encasing the  s o l i d  wastes i n  an asphalt  box, Case 4b, i s  the 
most e f fec t ive  method f o r  control l ing leaching and i s  a l so  the l e a s t  
expensive way t o  lower the  leach r a t e .  Fixation of t he  slimes alone i n  
Cases 6a and 6b does not solve the  leaching problem completely, since the 
bare sands s t i l l  present a po ten t i a l  leaching problem. I n  Cases 6a and 
6b, t he  sands can be encased i n  a box of asphalt  o r  cement a t  addi t ional  
cost .  However, such an a l t e rna t ive  i s  not included i n  the  present study. 
If t h i s  i s  done, then Cases 6a and 6b, where the  slimes have been fixed, 
provide a margin of sa fe ty  a t  considerable increase i n  cost  over Case 4b. 
Details of t he  calculat ions are  discussed i n  r e f .  20. 
Case 5 spec i f ies  t ha t  t he  cement-fixed waste i s  s tored dry. 
The bare sands a re  the  primary source 
The use of the  n i t r i c  acid leach i n  Case 6c 
-
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5.0 MISCELIANEOUS WASTES 
The operation of a uranium m i l l  will generate miscellaneous wastes 
i n  addi t ion t o  the  radioactive wastes. These wastes include san i ta ry  
waste, packaging mater ia ls  from supplies, combustion products from the 
power p lan t ,  oils and greases from equipment maintenance, and chemicals 
i n  the  main process waste streams. The san i ta ry  wastes a re  disposed of 
i n  a sep t i c  tank and drain.  f i e l d  f a c i l i t y .  Nonradioactive so l id  wastes 
and o i l s  are  placed i n  a l a n d f i l l .  
contain SOz are  dispersed through a stack. 
The combustion products t h a t  may 
The chemical composition of l i qu id  wastes from the m i l l  i s  shown 
i n  Table 4.11. 
s ince they a re  sent t o  the  t a i l i n g s  pond along with the  radioactive 
const i tuents .  I n  the  f i r s t  several  case s tudies ,  where v e r t i c a l  seepage 
of l i qu id  from the pond occurs, t he  chemicals will cause a corresponding 
contamination of t he  s o i l  surrounding the pond. Several tox ic  chemicals, 
such as arsenic and f luoride,  a re  present at very low concentrations and 
probably would be adsorbed i n  the  s o i l  e i t he r  by ion exchange or by 
chemical react ion t o  prevent extensive penetration. Ni t ra te  i s  present 
only i n  Case 6c f o r  the ac id  leach--solvent extract ion m i l l ,  and the 
n i t r a t e  concentration i n  the  mill t a i l i n g s  e f f luent  i s  l e s s  than 40 p p .  
The concentrations of r e l a t i v e l y  nontoxic but undesirable s a l t s ,  such 
as i ron,  aluminum, and su l fa te ,  a r e  s ign i f i can t ly  reduced by neutral izat ion 
i n  the  more advanced treatment cases. 
Chemical wastes a re  not discharged t o  a surface stream, 
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6.0 COSTS FOR MDWASTE TREATMENT 
Costs are  presented f o r  t he  radwaste treatment cases f o r  t he  2,000- 
tonzof -ore-per-day model acid leach--solvent extract ion and alkaline- 
leach uranium m i l l s  a t  two geographic s i t e s ,  New Mexico and Wyoming. 
The c a p i t a l  costs,  annual f ixed  charges, annual operating costs,  t o t a l  
annual costs,  t he  contribution t o  cost  of uranium yellow cake, and the  
contribution t o  cost  of e l e c t r i c a l  power are  s m a r i z e d  i n  Tables 6 .1  
and 6.2 f o r  t h e  acid-leach m i l l  and t h e  alkaline-leach m i l l ,  respectively.  
These cos ts  are t h e  t o t a l  cos ts  f o r  each case study and include t h e  
costs  f o r  treatment of gaseous and l i qu id  radwastes and f o r  s t ab i l i za t ion  
o r  f ixa t ion  of t a i l i n g s  wastes. The individual costs  f o r  t r ea t ing  l iqu id ,  
gaseous, and t a i l i n g s  wastes are  given i n  Sect. 4.0 as itemized below. 
The cap i t a l  costs  include a l l  d i rec t  and indirect  costs.  Annual f ixed 
charges a re  estimated a t  24% of t h e  t o t a l  c a p i t a l  investment, t yp ica l  of 
investor-owned, reprocessing plant cost  estimates. Operating costs  a re  
based on estimates of labor,  supplies, and maintenance costs .  The cost  
per pound of U308 product i s  calculated d i r ec t ly  from t h e  annual production 
and t o t a l  annual costs .  The cost  contribution t o  e l e c t r i c a l  power genera- 
t i o n  i s  derived from t h e  amount of U308 required f o r  power reactors .  A 
model uranium m i l l  processing 2,000 tons of ore  per day and producing 
@ -  
1,329 tons of U308 annually caxl supply approximately eight 1,000-MW(e) 
LwR's (based on a requirementlJ2 of 5,000 tons of us08 over a 30-year l i f e  
a t  a burnup of 33,000 MWd/metric ton  of enriched uranium, 8C$ load fac tor ,  
32.5% thermal e f f i c i e n ~ y ) . ~  
and do not include any allowance f o r  in f la t ion .  The cost  estimates were 
made by A. H. Ross & Associates, consultants i n  t h e  f i e l d  of design of 
metal lurgical  processes. 
Costs a re  estimated i n  terms of 1973 dol la rs  
4 
Capital  and t o t a l  annual costs  incurred i n  treatment of l i q u i d  waste 
and the  corresponding source terms are  shown i n  Table 4.15. 
items apply t o  the  treatment of both l i qu id  and so l id  wastes. 
cases, t he  costs  have been proportioned between t h e  l i q u i d  and so l id  
Some cost  
I n  these 
*Short ton, 2,000 lb/ton. 
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treatment cos ts ,  The cos ts  of f i xa t ion  of so l id  waste and the  source 
terms resu l t ing  from water leaching of the  t r ea t ed  waste a re  shown i n  
Table 4.16. 
p i l e s  w i t h  ea r th  o r  asphalt  and the  corresponding source terms f o r  radon 
releases  a re  shown i n  Table 4.18. The cost  of treatment of airborne 
ore  dusts,  yellow cake dusts,  and radon from t h e  uranium m i l l  and the  
corresponding source terms a re  given i n  Tables 4.3 and 4.5. The cost  
of control l ing wind-resuspended t a i l i n g s  dust from the  dry beaches i n  
t h e  t a i l i n g s  area and t h e  corresponding source terms a re  given i n  Table 
4.17. 
The cos ts  f o r  s t ab i l i za t ion  or f ixa t ion  of inact ive t a i l i n g s  
6.1 Capi ta l  Cost 
The c a p i t a l  cost  of radwaste treatment i s  t he  sum of t h e  d i r ec t  
cos ts  of  equipment, including in s t a l l a t ion ,  piping, instruments, and 
u t i l i t y  f a c i l i t i e s  and t h e  ind i rec t  cos ts  for design, engineering, 
construction expenses, and contractor ' s fee .  
only t o  t h e  erect ion of t h e  indicated process f a c i l i t i e s .  
t h a t  t he  various cases represent an incremental addition t o  a planned 
f a c i l i t y ,  and no allowance i s  included f o r  of f ices ,  shops, warehouses, 
change houses, e t c . ,  o r  f o r  bringing u t i l i t i e s  and services,  such as 
power, water,and roads, t o  t h e  boundaries of t he  plant  s i t e .  An i n t e r e s t  
charge of 2% of estimated c a p i t a l  cost  i s  added t o  cover t h e  construction 
period. 
major items of c a p i t a l  cost  f o r  l i qu id  and so l id  radwaste treatment a re  
shown i n  Tables 6.3 and 6.4 f o r  t h e  acid-leach m i l l  and the  alkaline- 
leach m i l l ,  respectively.  
The cost  da ta  a re  applicable 
It i s  assumed 
A n  allowance of 2% of cap i t a l  cost  i s  fo r  contingency. The  
6.2 Annual Fixed Charges and Operating Costs 
The t o t a l  annual cost  i s  t h e  sum of f ixed  charges and operating costs .  
The f ixed  charges consis t  of an annual f ixed rate of 24% of the  invested 
c a p i t a l  plus  an annual charge t o  accumulate c a p i t a l  t o  s t a b i l i z e  the  so l id  
t a i l i n g s  a f t e r  the  m i l l  has been shut down. 
t o  t h a t  reported i n  the  Fuel Recycle Task Force,3 using t h e  same assumptions 
except f o r  increased plant  l i f e  (20 vs 15  years)  and bond i n t e r e s t  (8 vs 
The charge r a t e  corresponds 
5%). The changes a re  o f f se t t i ng  and do not change the  annual charge r a t e  
of 24% of invested cap i t a l .  
Task Force are:  
The basic  assumptions of t he  Fuel Recycle 
Plant l i fe t ime,  years 15 
Capi ta l  investment i n  bonds, % 
C a p i t a  investment i n  equity, % 
In t e re s t  r a t e  on bonds, % 
Rate of re turn  on equity ( a f t e r  taxes) ,  % 
Federal income t a x  r a t e ,  % 
Sta t e  income t a x  r a t e ,  % 
Local property t a x  r a t e ,  % 
Annual cost  of replacements, % 
Annual property insurance r a t e ,  % 
30 
70 
5 
16 
50 
3 
3.2 
0.35 
0.25 
The f ixed charges t o  accumulate c a p i t a l  t o  pay f o r  s t ab i l i z ing  the  s o l i d  
t a i l i n g s  a re  computed as the  annual mount invested a t  5% compound i n t e r e s t  
during the m i l l  l i f e  (20 years)  t o  y i e ld  the  required cap i t a l .  Also, 
where maintenance i n  perpetui ty  was provided, t he  cost  i s  computed as 
the  annual charge required t o  accumulate suf f ic ien t  pr inc ipa l  during m i l l  
l i f e  so t h a t  the  resu l t ing  income from i n t e r e s t  (5%) would cover the  cost  
of perpetual care ,  
The annual operating cost  was computed by estimating labor, supplies, 
and maintenance requirements of the  waste treatment processes, based on 
t h e  cost  es t imator 's  experience i n  the  uranium mil l ing industry.  The 
estimates represent the  d i r ec t  cost  of operating the  f a c i l i t i e s  included 
i n  the  c a p i t a l  cost  estimates. The labor cost includes an allowance f o r  
burden and f r inge  benef i t s .  Unit costs  of labor and mater ia ls  a re  l i s t e d  
i n  Table 6.5. 
and administration such as accounting, warehousing, management, head o f f i ce  
expenses, e t c .  The case s tudies  represent incremental additions t o  an 
ex is t ing  operation and, therefore,  do not r e su l t  i n  any increase i n  the 
ind i rec t  operating cos ts .  The operating costs  include an allowance of 
15% f o r  contingency. 
The costs  do not include any allowance f o r  general  services 
Case 6c d i f f e r s  from the  other cases. I n  Case 6c, the t o t a l  plant  
processing flowsheet i s  revised t o  achieve an improvement i n  radwaste 
. . - . . . . . . .  .~ . .  . ~-.. . . .. -~ - 
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treatment; i . e . ,  n i t r i c  acid i s  used f o r  leaching instead of su l fur ic  
acid and the aqueous waste i s  concentrated by evaporation. 
radwaste treatment cost  i s  calculated as t h e  difference between the  t o t a l  
c a p i t a l  and operating costs  of Case 6c vs the  same costs  f o r  a conventional 
plant  which uses su l fu r i c  ac id  leaching. 
complete conventional m i l l  with a da i ly  ore  capacity of 2,000 tons i s  $13 
mil l ion.  
The addi t ional  
The average c a p i t a l  cost  of a 
5 
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7.0 ENVIRONMENTAL IMPACT 
The radiological  impact of the' model uranium m i l l  i s  assessed by 
calculat ing radiat ion doses t o  individuals and populations f o r  each s i t e  
and radwaste treatment case. 
t o  man from radionuclides or iginat ing i n  a nuclear f a c i l i t y  are  presented 
schematically i n  Fig. 7.1. Those shown i n  the  f igure a re  not exhaustive, 
but they i l l u s t r a t e  t h e  pr inc ipa l  pathways of exposure based on experience. 
Poten t ia l  pathways f o r  radiat ion exposure 
Estimates of t h e  dose per year of m i l l  operation t o  both individuals 
and t o  t h e  population within 55 miles, which may r e su l t  from the  expected 
radionuclide discharges during normal operation, a re  discussed below. 
Annual rad ia t ion  dose commitments t o  individuals ( i n  m i l l i r e m s )  and t o  the  
population ( i n  man-rems) are  estimated from the  release of airborne radio- 
act ive e f f luents .  T h e  atmospheric transport  of radioactive mater ia ls  re- 
leased from the  m i l l  during normal operations i n  i t s  twentieth year ( i . e . ,  
t he  source terms, Sect. 4.0) i s  calculated.  The resu l t ing  concentrations 
of radionuclides i n  the  a i r  and on the  s o i l  surface a t  various distances 
and direct ions from the  model mill are  then used t o  estimate t h e  dose an 
individual  might receive from this 1-year exposure of radioactive materials.  
Radioactive materials taken in to  t h e  body by inhalat ion or ingestion 
( in t e rna l  exposure) continuously i r r a d i a t e  t he  body u n t i l  removed by 
processes of metabolism and radioactive decay. 
year of radionuclide intake (internal-exposure pathways ) i s  an estimate of 
t he  t o t a l  dose an individual  w i l l  receive integrated over t he  next 50 
years of h i s  l i f e  as a r e s u l t  of t h a t  1 year of exposure ( i . e . ,  dose 
commitment). 
resent 50-year dose commitments. For those materials which e i the r  have 
short  radioactive half- l ives  or those which are  eliminated rapidly from 
t h e  body, e s sen t i a l ly  a l l  of t h e  dose i s  received i n  the  same year t h a t  
t he  materials enter  t he  body, i . e . ,  t he  annual dose r a t e  i s  about the  same 
as the  dose commitment. For example, most of t h e  dose commitment f o r  
radon exposure (which includes t h e  radon daughters) i s  received the  f i r s t  
year. However, 22"Ra and 230Th are  eliminated from t h e  body very slowly 
and have long ha l f - l ives  so t h a t  t he  individual w i l l  continue t o  receive 
A dose c.alculated f o r  1 
A l l  of t he  i n t e r n a l  doses estimated i n  t h i s  report  rep- 
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a dose from t h e  ingested mater ia l  f o r  many years a f t e r  t h e  exposure. 
Under these conditions, t h e  approximate dose received i n  the  year t h a t  
t he  mater ia ls  enter  t he  body i s  obtained by dividing the  dose commitment 
by 50; i . e . ,  approximately equal doses a re  received over a 50-year period. 
Thus, t h e  average annual dose r a t e  i s  only 1/50 the  dose commitment. 
an individual  i s  exposed t o  m i l l  e f f luents  f o r  t h e  20-year operating 
l i f e  of t h e  plant ,  h i s  annual dose r a t e  during t h e  twentieth year i s  about 
20 times the  annual dose r a t e  f o r  one year of exposure ( i . e . ,  -2/5 the  
dose commitment for 1 year of exposure) and h i s  t o t a l  dose commitment i s  
t h e  summation of t he  50-year dose commitments f o r  each o f  the 20 years 
t h a t  apply i n  the 20th year. These generalized dose estimates a re  approx- 
imately correct  f o r  t he  conditions c i ted .  However, a de t a i l ed  calculat ion 
must be made t o  determine a more precise  value f o r  t he  ac tua l  dose received 
i n  a given year (ORNL-4992). 
If 
The radiat ion doses t o  the  t o t a l  body and in t e rna l  organs from ex- 
posure t o  penetrating radiat ion from external  sources a re  approximately 
equal. However, they may vary considerably f o r  i n t e r n a l  exposure from 
ingested or inhaled mater ia ls  because some radionuclides concentrate i n  
ce r t a in  organs of t he  body. 
t o  the  t o t a l  body and major organs a re  considered f o r  a l l  pathways of 
i n t e r n a l  exposure based on parameters applicable t o  an average adul t .  
For this  reason, e s t ima teso f  rad ia t ion  dose 
Radiation doses t o  the  i n t e r n a l  organs of children i n  t h e  population 
vary from those of an average adult  because of differences i n  metabolism, 
organ s ize ,  and d i e t .  
and those of an average adul t  by more than a f ac to r  of 3 would be unusual 
fo r  a l l  pathways of i n t e r n a l  exposure except t h e  atmosphere-pasture-cow- 
m i l k  pathway. 
Differences between the  organ doses of a ch i ld  
The population dose estimates a re  t h e  sums of t h e  t o t a l  body doses 
t o  individuals within 55 miles of  t h e  p lan t .  
exposures approximate those t o  gonads; therefore ,  these values were used 
i n  t h e  man-rem estimates because gonads have t h e  most r e s t r i c t i v e  dose 
l imits . lJ2 
pendent of age,3 the  man-rem estimates a re  based on t o t a l  body doses 
calculated f o r  adul ts .  
Total  body doses from gamma 
Since rad ia t ion  doses t o  the  t o t a l  body a re  r e l a t i v e l y  inde- 
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No dose calculat ions are  presented fo r  l i qu id  releases .  The model 
mills have no l i qu id  releases  t o  surface streams. 
underground migration of radioactive mater ia ls  i s  recognized, and t r e a t -  
ments a re  proposed i n  Sect. 4.4. 
detectable horizontal  underground movement of radioactive materials beyond 
t h e  m i l l  boundary has occurred from properly s i t e d  t a i l i n g s  ponds (Sect. 
9 .5 .2 ) ,  and a sample calculat ion (Sect. 7.6) indicates  t h a t  none i s  
expected. 
The po ten t i a l  f o r  
The avai lable  data  ind ica te  t h a t  no 
7.1 Meteorology 
The re lease  of airborne e f f luents  t o  the  atmosphere i s  one mode of 
environmental contamination from uranium mill ing.  
of radioactive mater ia ls  re leased from the  mi l l s  t o  the  t e r r e s t r i a l  
environment i s  calculated according t o  the  Gaussian plume model.4 A 
c o q u t e r  code5 has been modified t o  calculate  the approximate annual 
average concentrations i n  a i r  f o r  short-  and long-lived nuclides i n  the  
atmosphere a t  various distances and direct ions from t h e  source. For 
pa r t i cu la t e  re leases ,  the  meteorologic X/Q' values a re  used i n  conjunction 
with deposit ion ve loc i t ies  t o  estimate a i r  concentrations and steady-state 
ground concentrations. Concentrations i n  a i r  f o r  each sector  are  used 
t o  ca lcu la te  dose v ia  inhalat ion and submersion i n  air. Ground surface 
concentrations a re  used fo r  external  rad ia t ion  exposure. 
deposits are  a lso assimilated in to  food which, when ingested, r e s u l t  i n  
addi t ional  dose v i a  the  food chain pathway. 
Atmospheric t ransport  
The ground 
The meteorologic data  required fo r  t he  calculat ions are  jo in t  frequency 
d is t r ibu t ions  of ve loc i ty  and direct ion,  and these data  are s m a r i z e d  by 
s t a b i l i t y  c lass .  
6 Wyoming regions are  used t o  calculate  average values of X/Q' ( ~ e c e m - ~ ) ,  
i . e . ,  f ac to r s  t h a t  a re  used t o  calculate  t h e  concentration of radioactive 
substances at a reference point per un i t  of source strength.  
values are  calculated f o r  sectors  i n  the  16 pr inc ipa l  compass direct ions 
bounded by r a d i a l  distances of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 15.0, 
Meteorologic data  from representat ive New Mexico and 
The X/Q' 
25.0, 35.0, 45.0, and 55.0 miles from the  point of re lease.  
values are based on a ground l e v e l  re lease.  
The X/Q' 
Maximum and minimum annual 
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X/Q'  values i n  sectors at successive distances from t h e  release point 
a re  given i n  Figs. 7.2 and 7.3 f o r  t he  New Mexico and Wyoming s i t e s ,  
respectively.  Direction i s  not specif ied i n  t h e  maximum-minimum values 
a t  a given distance (Figs. 7.2 and 7.3), but a l l  values, i r respec t ive  
of direct ion,  range between the  maximum-minimum values. For equivalent 
source strengths a t  a given distance,  t h e  average annual a i r  concentrations 
a re  lower i n  Wyoming than i n  New Mexico. 
s i t e  i s  57% of t h e  maximum i n  New Mexico, while the  minimum X/Q' i n  
Wyoming i s  22% of the  New Mexico minimum. 
minimum values are  a t ta ined  are d i f fe ren t  a t  the two s i t e s .  For a ground- 
l e v e l  re lease,  the maximum concentration of radioactive substances i n  a i r  
occurs a t  t he  point of re lease.  A i r  concentrations decrease according t o  
a power function of dis tance from the  source. 
i s  not specif ied f o r  uranium mills, t h e  X/Q' values, which r e f l e c t  var iable  
a i r  concentrations a t  0.5 mile, f o r  example, range from 2.3 t o  8.7 x IO-' 
s e c ~ m - ~  f o r  the  New Mexico s i te .  Values f o r  t he  same distance range from 
5 . 1  x lo-? t o  5.0 x 
by approximately three orders of magnitude a t  a distance of 55 miles from 
the  source. 
The maximum X/Q' a t  t he  Wyoming 
Directions a t  which maximum- 
Although a s i t e  boundary 
~ e c . m - ~  f o r  t h e  Wyoming s i t e .  The values decrease 
Radioactive materials from t h e  atmosphere a re  deposited on t h e  ground 
Dry deposition, surface through mechanisms of dry deposition and washout. 
as used i n  t h i s  analysis,  represents an integrated deposition of radio- 
ac t ive  mater ia ls  by processes o f  gravi ta t iona l  s e t t l i ng ,  adsorption, 
p a r t i c l e  interception, diffusion, and chemical-electrostatic e f f ec t s  and 
i s  calculated from deposition ~ e l o c i t y , ~  Vg, f o r  a 1-year time in te rva l .  
Deposition veloci ty  values f o r  pa r t i c l e s  and react ive gases commonly range 
from 0.1 t o  1 .0  cm-sec , and f o r  micron-sized pa r t i c l e s ,  Vg's may 
approach 10 cm-sec-' . A value of 1.0 ern-sec-' i s  used f o r  calculat ion of 
ground concentrations of a l l  radioactive pa r t i c l e s  which or ig ina te  from 
both m i l l  and t a i l i n g s  sources. Although many variables influence the  
washout of rad ioac t iv i ty  from t h e  atmosphere, Cowser e t  a l . 8  showed t h a t  
washout would cause only a negl igible  decrease i n  annual a i r  concentration 
based on a washout weight of 0.038 (Oak Ridge, Tennessee) and a washout 
coef f ic ien t  of 16' sec-l. The annual increase i n  ground concentration 
-1 7,8 
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from washout would likewise be nominal, especial ly  i n  a r i d  climates 
where r a i n f a l l  averages 6 t o  12 in .  per year. 
mil l ing s i t e s ,  t o t a l  t r ans fe r  of radioactive mater ia ls  from the  atmosphere 
t o  the  ground surface i s  included i n  the  dry deposit ion r a t e  term. 
Thus, f o r  model uranium 
7.2 Suspension of  Tail ings Pa r t i c l e s  and Transport of Dust 
Suspension of p a r t i c l e s  from t a i l i n g s  p i l e s  and entrainment i n  the  
atmosphere cons t i tu tes  an important mode of t ransport  and pathway of 
exposure i n  a r i d  environments. 
turbulence act ing on dry surfaces suspend dust pa r t i c l e s ,  and the  entrained 
aerosols are  t ransported t o  s i t e s  of human occupancy. 
dust i s  a common phenomenon i n  a r i d  environments, the  mechanisms of sus- 
pension and t ransport  have not been invest igated i n  grea t  d e t a i l .  A model 
based on physical pr inciples  and l imi ted  f i e l d  data  was developed for t h i s  
survey, 
uranium m i l l  t a i l i n g s  p i l e  i s  calculated from s a l t a t i o n  and p a r t i c l e  
suspension data  coupled with atmospheric t ransport  using the  Gaussian 
plume model. 
10 f o r  respective distances following suspension from a surface source. 
Pa r t i c l e  suspension i s  focused on the <80-p s i ze  c l a s s  ( i . e . ,  t he  -200 
mesh slime f r ac t ion )  because surface creep i s  the  major t ransport  mech- 
anism f o r  l a rge r  pa r t i c l e s ,  while those p a r t i c l e s  t h a t  are  <80 p i n  
diameter a re  e jected i n t o  the  turbulent  a i r  stream and are  then dispersed 
beyond the  m i l l  boundary. 
Pers is tent  wind and loca l ized  convectional 
Although windblown 
Using t h i s  model, the  dispersion of dust from an ideal ized 
A i r  concentrations of radioactive substances a re  calculated 
1. Suspension of dust i s  r e l a t ed  t o  processes of s a l t a t i o n  as 
described by Bagnold. u_ 
from horizontal  surfaces by wind forces  alone, since the drag 
forces on such small p a r t i c l e s  are  spread over a la rge  area 
r a the r  than an individual  pa r t i c l e .  However, l a rge r  sand-sized 
p a r t i c l e s  are  readi ly  suspended by aerodynamic forces.  
quently, t he  s a l t a t i o n  mechanism, whereby large airborne pa r t i c l e s  
(>50 p) impact on smaller pa r t i c l e s  (<5O p) and cause t h e i r  sus- 
pension from t h e  t a i l i n g s  surface, i s  considered t h e  pr inc ipa l  
method f o r  inducing airborne movement of the f i n e  pa r t i c l e s .  
S i l t - s i zed  p a r t i c l e s  are  not suspended 
Conse- 
a- 
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The v e r t i c a l  f l ux  suspension f ac to r  (k)  f o r  the smaller 
p a r t i c l e s  i s  based on ag r i cu l tu ra l  s tudies  of s o i l  erosion by 
wind.= Ver t i ca l  f lux  cons t i tu tes  t h e  source s t rength from a 
l eve l ,  ground, surface area. 
2.  Given the  source strength,  atmospheric t ransport  i s  calculated 
4 using the  Gaussian plume model. 
The p a r t i c l e  s i ze  d i s t r ibu t ion  of uranium ore t a i l i n g s  i s  determined 
from samples provided by m i l l  operators (Table 9.7). 
t a i l i n g s  i n  s i ze  c lasses  (~80 p) t h a t  i s  used as  parent mater ia l  i n  t he  
ca lcu la t ion  of source s t rength i s  given i n  Table 7.1. Ore processed i n  
t h e  a lka l ine  c i r c u i t  i s  ground t o  a f i n e r  s i ze  than acid leach t a i l i n g s .  
Approximately 3% of the  alkal ine leach p a r t i c l e s  and 1% of acid leach 
p a r t i c l e s  a re  <10 p i n  diameter, t he  upper l imi t  of respirable  pa r t i c l e s .  
The f r ac t ion  of 
Pa r t i c l e  suspension as a r e s u l t  of t h e  s a l t a t i o n  process i s  d i r e c t l y  
r e l a t ed  t o  the  cube of wind velocity.’’ 
important i n  the  calculat ion of p a r t i c l e  f lux  from a surface plane. 
frequency d i s t r ibu t ion  by veloci ty  c lasses  i s  summarized i n  Table 7.2. 
Because of subs tan t ia l ly  higher frequency i n  the  11- t o  21-mph veloci ty  
c l a s s  a t  the Wyoming s i t e ,  t he  average ve loc i ty  i s  nearly 4 mph grea te r  
a t  Casper, Wyoming (10.7 mph) compared with Albuquerque, flew Mexico 
(6.9 mph). 
storm with a wind veloci ty  of 30 mph i s  a credible occurrence a t  
Albuquerque (Table 7 . 3 ) ,  based on an annual summary of hourly and daily 
data  f o r  a --month period. Hourly wind da ta  f o r  Casper, Wyoming, are  
not avai lable  f o r  s imilar  analysis,  but t he  frequency of wind ve loc i t i e s  
which are  >21mph i s  s i x  times grea te r  f o r  Casper than for Albuquerque 
(Table 7 .2) .  Thus, t he  frequency of 1-day storm events with 30-mph wind 
ve loc i ty  or greater  would probably exceed t h e  one event per year observed 
at Albuquerque. 
be expected at the  Wyoming s i t e .  
Thus, wind charac te r i s t ics  a re  
The 
The data  are  based on a 5-year observation period. A 1-day 
A s  many as s i x  30-mph events per year may conceivably 
Pa r t i c l e  suspension of airborne dust has been calculated f o r  7-, 
lo-, and 30-mph wind ve loc i t i e s  (Table 7.4).  Suspended dust i s  expressed 
i n  terms of the quantity of p a r t i c l e s  moving from the  ground surface in to  
a horizontal  wind stream per u n i t  of time (g/sec).  
t a i l i n g s  beach i s  computed f o r  a square,meter of dry t a i l i n g s  surface, 
and the  r e s u l t s  a re  expressed as the source s t rength f o r  a standard 
100-acre area.  In  prac t ice ,  t he  source s t rength i s  then adjusted f o r  
the ac tua l  acreages of dry t a i l i n g s  (Tables 4.13 and 4.17) and the  
radionuclide concentration i n  the  slime f r ac t ion  of the t a i l i n g s  (Table 
4.12) which a re  applicable i n  each case study. The adjusted suspension 
f lux  cons t i tu tes  t he  source-strength input t o  the  Gaussian t ransport  
model. 
10-mph wind than f o r  a 7-mph wind and about 300 times higher f o r  a 30-mph 
wind than f o r  a 10-mph wind because suspension i s  approximately dependent 
on the cube of the wind veloci ty .  
The f lux  from a 
10 
The suspension r a t e  (source s t rength)  i s  13 times higher f o r  a 
Winds blow a t  var iable  ve loc i t ies ;  however, f o r  t he  purpose of t h i s  
assessment, the  annual average a i r  concentration of radioactive substances 
from t a i l i n g s  i s  based on t h e  suspension caused by constant 7- o r  10-mph 
winds, i . e . ,  t h e  annual average ve loc i t i e s  f o r  Albuquerque, New Mexico, 
o r  Casper, Wyoming, respectively.  Once suspended, t he  p a r t i c l e s  a re  
dispersed i n t o  the  16 sectors  based on ac tua l  wind frequency-velocity 
d i s t r ibu t ions  obtained f o r  the respective s i t e s .  For purposes of cal-  
culat ing atmospheric t ransport ,  the  t a i l i n g s  area i s  considered t o  be a 
point source with a l l  t he  resuspended t a i l i n g s  dust being released from 
the  center of the  p i l e .  
ra ther  than a point source would give s l i g h t l y  higher a i r  and ground 
concentrations near t he  p i l e .  
ings source, t he  b ias  i s  l e s s  than 1%. 
source dispersion model i s  considered va l id  f o r  t h i s  study. For an 
annual, average, wind veloci ty  of 10 mph, the concentration of radioactive 
dust does not exceed 18 pg/m3 at 100 m from t h e  t a i l i n g s  p i l e ,  and the  
concentrations decrease by orders of magnitude with increasing dis tance 
from the  source. Dust from a 100-acre t a i l i n g s  source contributes l e s s  
than 2 pg/m3 t o  the  a i r  concentyation at distances grea te r  than 1000 m 
from the  source. By comparison, t he  ambient airborne dust concentration 
i n  many c i t i e s13  consis tent ly  exceeds 50 pg/m3. 
i n  c i t y  a i r  a re  <1p i n  diameter. 
Dispersion calculat ions modeled on an area source 
A t  1000 m (0.6 mile) from a 100-acre t a i l -  
Therefore, the  simpler point 
Most of the dust pa r t i c l e s  
Wind gusts and dust devi l s  of seconds 
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o r  minutes duration are  a lso important processes which i n j e c t  par t icu la tes  
i n t o  the  ground-level layer  of t he  atmosphere,14 but there  are  insuf f ic ien t  
da ta  t o  estimate t h e i r  contr ibut ion t o  the  ambient dust l eve ls .  
Systematic s tudies  of suspension and dispersion of p a r t i c l e s  from 
t a i l i n g s  p i l e s  have not been made; consequently, there  i s  no bas is  f o r  
ver i fying the  a i r  concentrations which a re  calculated using the  sa l t a t ion -  
suspension-dispersion model. However, the  calculated concentrations are  
i n  reasonable agreement with ambient concentrations of radioactive 
mater ia ls  observed i n  the  v i c i n i t y  of t a i l i n g s  p i l e s .  
a 10-mph wind, the  t o t a l  dust concentration i n  the  a i r  100 m from a 
100-acre t a i l i n g s  p i l e  i s  calculated as  18 pg/m3. 
2 2 6 R a  concentration of 2 .8  x 
o r  1,7 x 
centrat ion i n  the  slime f r ac t ion  (Table 4.12). 
concentrations i n  the  a i r  i n  a crosswind d i rec t ion  at Tuba City, Arizona, 
ranged from 1 t o  7 x 
(Table 9.26). 
9.25), t he  average concentrations of "'Ra i n  t h e  a i r  at locat ions around 
the  t a i l i n g s  p i l e  ranged from 0.4 t o  2.7 x 
wind veloci ty  of 8.8 mph.16 The calculated values based on the sa l t a t ion -  
suspension-dispersion model a re  1.7 o r  2.8 x 
x 
For example, for 
This represents a 
pCi/ml for acid-leached t a i l i n g s  dust 
pCi/ml f o r  alkaline-leached dust based on the  radium con- 
Measurements of radium 
15  
pCi/ml at locat ions around the  t a i l i n g s  p i l e  
I n  a 3-month period a t  Grand Junction, Colorado (Table 
pCi/ml f o r  an average 
pCi/ml vs 0.4 t o  7.0 
pCi/ml f o r  the  observed values. 
The concentrations of '"Ra i n  a i r  have also been measured during 
periods of high wind ve loc i t i e s  at Tuba City15 (Table 9.26). 
of 5.6 x 10-l' pCi/ml were measured whiie t he  wind was blowing at estimated 
ve loc i t i e s  of 1 5  t o  30 mph at a point outs ide the s i t e  boundary i n  a 
downwind d i rec t ion  (50 m from the  boundary and 335 m from the  center of 
the  t a i l i n g s  p i l e ) .  
'"Ra a t  a distance of 100 m, using t h e  s a l t a t i o n  model, i s  2.3 x 
pCi/ml f o r  a 30-mph wind veloci ty .  
parable 65-acre t a i l i n g s  p i l e  and the concentration of '"Ra i n  t he  Tuba 
City t a i l i n g s  as l i s t e d  i n  Table 9.26, assuming tha t  the  exposed t a i l i n g s  
a re  a lkal ine ta i l ings*  and t h a t  the  <80-p f r ac t ion  (%.e . ,  t he  sl imes) i s  
5H0 by weight and contains 85% of the  radium. 
Concentrations 
For comparison, t h e  calculated concentration of 
The calculat ion i s  based on a com- 
~~ 
V h e  Tuba City m i l l  used an acid-leach process from 1956 t o  1962 and an 
alkaline-leach process from 1963 t o  1966.17 
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The agreement between t h e  calculated values and t h e  observed values 
i s  surpr is ingly good considering the  uncertaint ies  involved, i . e . ,  the  
unknown differences i n  meteorology, 'si te location, and t a i l i n g s  charac- 
t e r i s t i c s .  
based on average wind ve loc i t ies  of 7 mph at the  New Mexico s i t e  and 10 
mph a t  the  Wyoming s i t e ,  may be low, since high-velocity wind events of 
short  duration a re  not considered. 
la rge  amounts of dust from t a i l i n g s  p i l e s ,  since the amount of suspension 
increases with t h e  cube of the  wind velocity.  However, meteorological 
da ta  do not ex i s t  which could be used t o  model t h i s  type of occurrence. 
The estimated annual t o t a l  body dose does not increase grea t ly  as t h e  
r e s u l t  of a s ingle  30-mph windstorm (Sect. 7.4.2). 
The calculated values f o r  dust suspension a t  t h e  model si tes,  
Wind storms and dust devi l s  can suspend 
7.3 Population 
A population d i s t r ibu t ion  was  derived which i s  representative of 
western regions where uranium mill ing f a c i l i t i e s  are located.  Distributions 
f o r  f i v e  ac tua l  s i t e s  of uranium m i l l s  (Table 7.5) were summarized from 
1970 Census Bureau tape records t o  obtain representative data. 
population d i s t r ibu t ion  (Table 7.6) was compiled from these data  se t s .  
The computer code PANS18 provides sector  summaries for annuli  bounded by 
distances of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10, 15, 25, 35, 45, and 55 
miles. The sector  summaries correspond t o  the  same sectors  i n  t h e  16 
compass d i rec t ions  for which X/Q' values are  calculated.  
code summaries of population data  from census tapes are accurate beyond 
a 5-mile radius. Within 5 miles, where sectors  represent r e l a t ive ly  s m a l l  
areas, d i s t r ibu t ions  a re  somewhat disconnected because census enumeration 
d i s t r i c t s  encompass several  sectors  while t h e  population records a re  
reported i n  only a s ingle  sector.  
smooths t h e  major d i scont inui t ies .  
An average 
The computer 
Averaging da ta  from f i v e  locat ions 
Population d is t r ibu t ions  i n  r u r a l  areas of western United S ta tes  vary. 
Average data  for f i v e  s i t e s  (Table 7.6) show population i n  only 6 of 16 
sectors  t o  a dis tance of 10 miles. No individuals a re  reported at distances 
of l e s s  than 1 mile. 
standard deviations of mean population estimates a re  s i x  t o  nine times the  
With such an i r r egu la r  population d is t r ibu t ion ,  
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mean value at distances grea te r  than 10 miles and a re  three  t o  four times 
t h e  mean from 10 t o  55 miles from the  model s i t e .  
around m i l l  s i t e s  i s  low. M a x i m u m  estimated density i s  10 individuals 
per square mile i n  t h e  5- t o  10-mile annulus. From 1 t o  5 miles, the 
density i s  4 individuals per  square mile, and only 3 individuals per 
square mile res ide i n  the  10- t o  35-mile annulus from the s i t e .  
several  small c i t i e s  a re  included i n  the  35- t o  55-mile zone, t he  averaged 
population density i s  only 7 individuals per  square mile. 
population i n  the  area encompassed by t h e  5.5-mile radius i s  estimated t o  
be 53,000 people. 
The population density 
Although 
Cumulative 
7.4 Radiation Dose from Airborne Effluents from Model 
Uranium Mills and Tailings P i les  During Operation 
Concentrations of radionuclides i n  the  a i r  and on the  s o i l  surface 
are  used t o  estimate t h e  radiat ion dose t o  individuals a t  various distances 
and d i rec t ions  from t h e  model m i l l .  The doses resu l t ing  from submersion 
i n  the  airborne e f f luent ,  exposure t o  contaminated ground surface, and 
intake of radionuclides through inhalat ion and ingest ion a re  calculated 
with computer codeslg which use dosimetric c r i t e r i a  of  t h e  In te rna t iona l  
Commission on Radiological Protection and other  recognized au thor i t ies .  
Estimates of intake of radionuclides by man through t e r r e s t r i a l  food 
chains a re  made with a model and a computer code2' which consider t r ans fe r  
of all radionuclides to m a n  via ingestion of crop plants, beef, and milk. 
A reference handbook on t h e  methods used i n  estimating rad ia t ion  doses 
i s  being prepared as Appendix B. 
M a n y  of t h e  basic  environmental parameters used i n  t h i s  model are  
conservative, i . e . ,  values are  chosen t o  maximize intake by man. Many 
fac tors  which would reduce t h e  rad ia t ion  dose, such as  shielding provided 
by dwellings and time spent away from t h e  reference location, a re  not 
considered. It i s  assumed that an individual  l i v e s  outdoors i n  t h e  re f -  
erence locat ion 10% of the  time. Doses a re  calculated f o r  t h e  f i n a l  
period, i . e . ,  t h e  twentieth year of m i l l  operation when releases  from 
t h e  t a i l i n g s  area a re  maximum and there  i s  a 20-year accumulation of 
deposited radioactive materials on t h e  ground surface outside the  m i l l  
a4 
property. 
i . e . ,  t he  case where none of t h e  food i s  produced loca l ly  and the  case 
where 10% of t h e  food i s  produced at t h e  reference location. 
around a typ ica l  western uranium m i l l  i s  used f o r  beef o r  sheep ranching; 
however, because of t he  a r i d  environment, l i t t l e  i f  any vegetable crops, 
milk, pork, o r  chicken are  produced local ly .  An individual  l i v ing  near 
a uranium mill could obtain a l l  h i s  meat intake from c a t t l e  grown loca l ly ,  
but would have t o  import most of h i s  other  food. Most of t h e  dose, other  
than t o  t h e  lung, i s  caused by the  ingestion of radioactive materials.  If 
vegetables and m i l k  are  not produced and consumed around t h e  m i l l  s i t e ,  
t h e  maximum doses ac tua l ly  experienced f o r  the  t o t a l  body and organs 
excluding lungs a re  only about 4% of the  values shown f o r  10W0 ingestion. 
If on ly  half t he  meat intake and none of the other food i s  produced 
loca l ly ,  the maximum doses other  than t o  lung are  only about 2% of t he  
values shown for 10% ingestion. The lung dose i s  based on inhalat ion 
of radioactive mater ia ls  and i s  affected l e s s  by t h e  pa t t e rn  of food 
intake.  
Doses are  calculated f o r  two extreme ingest ion pat terns ,  
The area 
7.4.1 Radiation Dose from Airborne Effluents from U r a n i u m  Mill Processes 
The rad ia t ion  doses from the  eff luents  from t h e  operating m i l l s  a re  
calculated f o r  the  m i l l  alone, i . e . ,  exclusive of t he  t a i l i n g s  p i l e ,  
using t h e  source terms given i n  Tables 4.3 and 4.5 f o r  a m i l l  processing 
a dusty, 6% moisture ore.  
Dose t o  Total  Body and Organs f o r  Individuals. - The maximum annual 
t o t a l  body dose and t h e  dose t o  organs of individuals from airborne 
effluents a t  0.5 mile from operating mi l l s  a re  shown i n  Tables 7.7 and 
7 . 7 ~  f o r  s i tes  i n  New Mexico and Wyoming, respectively,  assuming t h a t  
10% of t h e  food consumed i s  produced loca l ly .  Contributions of each 
m i l l  process (ore o r  yellow cake handling) t o  t h e  maximum dose t o  in-  
dividuals are  shown i n  Tables 7.7a and 7.7b fo r  t he  New Mexico s i t e  and 
i n  Tables 7.7d and 7.7e fo r  t h e  Wyoming s i t e .  These dose estimates are  
f o r  t he  m i l l  processes only and do not include the  contribution from 
t a i l i n g s  (Sect. 7.4.2).  
presented based on the  assumption t h a t  none (%) of the  food consumed i s  
I n  Tables 7.8-7.8e, comparable dose data  a re  
produced loca l ly .  
when the  food production and consumption pa t te rn  i s  known. 
dose t o  t h e  individual at 0.5 mile i s  47% of t h e  maximum dose, and the  
maximum dose t o  t h e  individual  a t  1.0 mile i s  1% of t h a t  given f o r  
0.5 mile. 
Appropriate dose reduction factors" can be applied 
The average 
The t o t a l  body dose, as shown i n  Table 7.7, decreases from 20.2 
millirems i n  Case 1 t o  2 .1  x millirem i n  Cases 6 and 7 f o r  the  
solvent extract ion plant  at t he  New Mexico s i t e ,  and decreases from 
25.3 millirems i n  Case 1 t o  3.3 x 
alkal ine plant ,  assuming t h a t  a l l  of t he  food consumed i s  produced loca l ly .  
The r e l a t i v e  contributions of radionuclides and exposure modes t o  t o t a l  
body dose from airborne e f f luents  a re  shown i n  Table 7.9. 
exposure from inhalat ion and ingestion accounts f o r  about 98% of the  
t o t a l  body dose. Radionuclides which contribute l e s s  than 0.1% of the  
t o t a l  dose are  not included. Only organs receiving doses grea te r  than 
those t o  the  t o t a l  body are  l i s t e d  i n  Tables 7.7-7.8e. The doses t o  t h e  
bone ( i n  Case 1, 232 and 266 millirems, respectively,  f o r  the  New Mexico 
solvent extract ion and alkal ine m i l l s )  a re  approximately s i x  t o  t en  times 
higher than f o r  the  other  organs. Seventy percent of t he  bone dose and 
85% of t h e  t o t a l  body dose come from the  ingestion of 2 2 6 R a  i n  t h e  food 
chain and i t s  subsequent concentration i n  the  bone (Tables 7.9 and 7.10). 
The rad ia t ion  doses summarized i n  Tables 7.7 through 7.8e a re  based 
mill irem i n  Cases 6 and 7 f o r  t he  
In t e rna l  
on t h e  meteorology of t he  f i r s t -o rde r  weather s t a t i o n  at Albuquerque, 
New Mexico, o r  at Casper, Wyoming. The meteorology i s  similar a t  both 
s i t e s ,  with average wind ve loc i t ies  of 7 mph i n  New Mexico and 1 0  mph 
i n  Wyoming; however, t h e  frequency d i s t r ibu t ion  of wind d i rec t ion  i s  
d i f f e ren t  a t  the  two s i t e s .  Simply s ta ted ,  t h e  wind blows i n  t h e  same 
d i rec t ion  f o r  longer periods i n  New Mexico than i n  Wyoming; consequently, 
t he  maximum dose occurs i n  t h a t  segment of the  p lan t  boundary. The 
10-mph wind moves t h e  dust out f a s t e r  from t h e  m i l l  with l e s s  f a l l o u t  
from t h e  plume than does t h e  7-mph wind. The net e f f ec t  i s  tha t  t he  
V h e  dose due t o  ingestion may be obtained by subtracting the  dose a t  v0 ingestion i n  the  t ab le s  (which would be the  dose from a l l  other  
sources) from the  dose at 100% ingestion. This ingestion dose could 
then be reduced by the  appropriate f ac to r  according t o  percent food 
produced i n  the  area and added back t o  t he  dose from other  sources 
(W0 ingest ion)  t o  obtain the  t o t a l  dose. 
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maximum doses at t he  Wyoming s i t e  a re  about 82% of those a t  the  New 
Mexico s i t e  (Tables 7.7-7.8e). 
Population Dose from M i l l  Effluents.  - The annual t o t a l  body dose 
commitment t o  the  cumulative population as a function of the  distance 
from t h e  model m i l l  i s  presented i n  Table 7.11 f o r  t he  Case 1 study. 
The annual dose t o  the  t o t a l  population l i v ing  within 55 miles of the  
model m i l l  i s  presented i n  Tables 7.7-7.9e f o r  a l l  of t h e  cases studied. 
I n  a l l  cases, t h e  dose t o  t h e  population i s  l e s s  than 1 man-rem. The 
t o t a l  dose t o  t h e  population i s  expected t o  be low a t  most uranium 
ore  m i l l s  because the  mills are  located i n  areas of r e l a t ive ly  low pop- 
u la t ion  density.  
7.4.2 Radiation Dose from Airborne Effluents from Tailings P i l e s  
Radiation exposures from t a i l i n g s  r e s u l t  from inhalat ion of 222Rn 
gas, which i s  continuously released from these wastes and from windblown 
(resuspended) t a i l i n g s  pa r t i c l e s  which are  car r ied  o f f - s i t e .  
t he  t a i l i n g s  represent a source of radiat ion exposure from '"Rn a f t e r  
a m i l l  i s  closed. 
e s sen t i a l ly  eliminated by coating the  exposed t a i l i n g s  beaches with a 
chemical spray or covering with ear th  (Sect. 4 .4) .  Dose due t o  radon 
re lease  can be reduced a f t e r  t h e  m i l l  closes by applying a radon diffusion 
ba r r i e r ,  but it i s  d i f f i c u l t  t o  control  while t h e  m i l l  i s  operating 
(Sect. 4.4). The rad ia t ion  doses from the  airborne radioact ive mater ia ls  
from the  t a i l i n g s  p i l e s  at t he  model m i l l s  are calculated based on t h e  
source terms given i n  Tables 4.6 through 4.9, 4.14, 4.17, 4.18, and 
4.20. 
a r e  presented i n  Table 4.13. 
Moreover, 
Dose due t o  resuspension of t a i l i n g s  pa r t i c l e s  can be 
The areas of t he  pond and beach a t  t he  end of 20 years of operation 
Radiation Dose t o  Lungs from 222Rn. - During operation and a f t e r  
closure of t he  mill, t he  maximum annual dose t o  t h e  lungs from '"Rn 
emanating f r o m t h e  model t a i l i n g s  p i l e s  a t  the  New Mexico and Wyoming 
s i t e s  i s  presented i n  Table 7.U. The treatments of t he  t a i l i n g s  p i l e s  
and assumptions f o r  radiological  source terms are  described i n  Sect. 4.4. 
For calculat ion of maximum dose t o  lungs from '22Rn, it i s  assumed tha t  
t he  '"Rn gas released from t a i l i n g s  p i l e s  takes 3 min t o  reach t h e  s i t e  
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boundary (0.5 mile) a t  t he  Wyoming model m i l l  and 4 min a t  t h e  New 
Mexico model m i l l  s i t e .  This t ransport  time, although b r i e f ,  would allow 
for buildup of ''PO and '14Pb . A t  t he  New Mexico s i t e ,  0.597 pCi of 
218Po and 0.034 pCi of 214Pb would be produced from the  decay of each 
picocurie of "'Rn. 
pCi of would be produced. Thus, rad ia t ion  doses t o  lungs of 
individuals  exposed t o  '"Rn at 0.5 mile from the  t a i l i n g s  p i l e s  are  
the  r e s u l t  of exposure t o  "'Rn and i t s  f i r s t  two daughters. Average 
doses t o  the  lungs at 0.5 mile a re  44% of t h e  maximum values given i n  
Table 7.12. A t  1 .0  mile the  maximum doses a re  reduced by a f ac to r  of 
approximately 5; a t  50 miles they are  reduced about th ree  orders of 
magnitude. 
a t  0.5 mile f o r  the  act ive t a i l i n g s  area near t he  end of the 20-year l i f e  
of the  m i l l  when t a i l i n g s  cover the  maximum area.  
act ive,  pa r t  (and sometimes a l l )  of the  t a i l i n g s  a re  e i the r  wet or are  
incorporated i n  cement o r  asphalt  so t h a t  there  i s  a radon d i f fus ion  
b a r r i e r  over at l e a s t  pa r t  of the  t a i l i n g s .  
averaged over the  20-year l i f e  of the  m i l l  w i l l  be lower i n  Cases 1 t o  
4 and 7 than the  values i n  Table 7.l2. This i s  because the  t a i l i n g s  
beach, which i s  the pr inc ipa l  radon source, increases i n  s ize  over the  
l i f e  of t he  m i l l  (Sect. 4.4.2.1). 
beach (which r e su l t  from differences i n  the  m i l l  processes and na tura l  
evaporation r a t e s  a t  the  s i t e s )  cause wide var ia t ions i n  the  radon doses. 
These variations and t h e i r  e f f ec t  on the  source terms are  discussed i n  
Sects.  4.4.2 and 4.4.3.1. The annual doses increase i n  Cases 1 and 
2 a f t e r  t he  m i l l  i s  shutdown because the  radon d i f fus ion  ba r r i e r ,  i . e . ,  
t h e  pond, evaporates. 
i s  59 millirems i n  Wyoming and 100 millirems i n  New Mexico a f t e r  the 
m i l l  has been shut down and the  t a i l i n g s  covered with 6 in .  of ear th  
(Table 7.12). 
t he  interim period following m i l l  closure and before the  radon d i f fus ion  
b a r r i e r  i s  applied w i l l  a l s o  be about 59 millirems i n  Wyoming and 100 
millirems i n  New Mexico. A cover of 20 f t  of ea r th  reduces the annual 
dose from '"Rn t o  about 2 .5  millirems f o r  t he  New Mexico mill and 1 . 5  
millirems f o r  t he  Wyoming m i l l  (Table 7.12, Case 4 ) .  
A t  the  Wyoming s i t e ,  0.494 pCi of '18Po and 0.021 
I n  Case 1, the  doses range from 7 t o  68 millirems per year 
While the  mill i s  
The maximum radon dose 
Variations i n  the  s ize  of the  t a i l i n g s  
I n  Case 1, the  maximum annual -dose a t  0.5 mile 
I n  Cases 3, 4, and 7, t he  annual dose a t  0.5 mile during 
Radiation Dose from Resuspended Airborne Tailings During Operation 
of t h e  fill. - The maximum doses t o  individuals and organs of individuals 
at 0.5 mile from model t a i l i n g s  areas are  estimated f o r  both s i t e s  and 
both processes f o r  cases where a l l  food i s  grown loca l ly  (Table 7.13) 
and fo r  cases where no food i s  grown loca l ly  (Table 7.13a). 
10 p or l e s s  i n  diameter a re  considered i n  estimating inhalat ion doses, 
since la rger  p a r t i c l e s  are not considered t o  be i n  t h e  respirable  range. 
All p a r t i c l e  s izes  are  considered i n  making estimates of doses from sub- 
mersion i n  air, contaminated ground, and food ingestion. I n  Case 1, the  
annual maximum t o t a l  body doses from t h e  act ive t a i l i n g s  area vary from 
about 16 t o  82 millirems a t  0.5 mile when it i s  assumed t h a t  10% of the  
food i s  grown and consumed loca l ly  (Table 7.13). 
estimating the  dose from the  pa r t i cu la t e  e f f luents  of t h e  operating m i l l  
(Sect. 7.4.1 and Table 7.9), t h e  dose t o  t h e  bone i s  t e n  times higher 
Only pa r t i c l e s  
A s  i n  the  case of 
than t o  t he  other  organs. 
168 t o  841 m i l l i r e m s  a t  0.5 mile i n  Case 1. 
from resuspended t a i l i n g s  occurs f o r  both the  act ive t a i l i n g s  area 
(Table 7.13) and f o r  t h e  interim period following m i l l  shutdown before 
t h e  f i n a l  cover i s  l a i d  (Table 4.17). This i s  t h e  r e s u l t  of t h e  character 
of the  source terms, which are a complex function of t he  cube of t he  wind- 
speed, t h e  area of exposed t a i l i n g s  (process and climate var iab le) ,  and 
the  radionuclide concentration i n  t h e  slime f r ac t ion  of  t h e  t a i l i n g s  
(process var iab le) .  These e f f ec t s  a re  discussed under source terms, 
Sect.  4.4.2 and 4.4.3.1. 
or otherwise t r ea t ed  t o  eliminate t a i l i n g s  resuspension while t he  m i l l  i s  
operating. I n  a l l  cases a f t e r  t he  m i l l  closes,  t he  t a i l i n g s  are  covered 
with ear th  t o  prevent wind t ransport  of t a i l i n g s  dust, although radon 
gas w i l l  s t i l l  emanate from the  p i l e .  
an inter im period of 1 t o  3 years following m i l l  shutdown before the  
f i n a l  cover can be applied. 
year and bone doses of 273 t o  933 millirems per year a re  estimated f o r  
Case 1 during the  br ie f  (1 t o  3 years)  inter im period following m i l l  
shutdown before t h e  f i n a l  cover i s  applied (Table 4.17). 
4 and 7 t o t a l  body doses of 2 t o  37 millirems and bone doses of 2 1 t o  
373 millirems are  estimated f o r  t h e  interim period. 
The estimated annual bone doses range from 
A wide var ia t ion  i n  the  dose 
I n  Cases 2 t o  6, t he  tailings beach i s  covered 
I n  Cases 1 t o  4 and 7, there  i s  
Total  body doses of 26 t o  92 millirems per 
I n  Cases 2 t o  
. I  
The percent of t o t a l  body dose from resuspended airborne t a i l i n g s  
as a function of exposure mode i s  l i s t e d  i n  Table 7.14. 
percent of t h e  t o t a l  body doses are  t h e  r e s u l t  of ingestion of food 
containing radioactive materials,  with 2 2 6 R a  contributing the  major dose. 
The conservative aspects of these estimates, which r e s u l t  i n  maximizing 
t h e  estimated doses, a re  discussed i n  Sects.  7.4 and 7.4.1. Regardless 
of t he  conservative assumptions, however, m i l l  t a i l i n g s  are  an important 
source of t h e  t o t a l  rad ia t ion  dose t o  man f o r  a given mill during mill 
operation and during the  inter im period following m i l l  closure before 
t h e  f i n a l  cover i s  applied. 
t a i l i n g s  serves t o  prevent resuspension of t a i l i n g s  p a r t i c l e s  and de- 
creases t h e  maximum and average dose t o  individuals l i v ing  close t o  the  
t a i l i n g s  p i l e .  
Ninety-eight 
Covering or otherwise s t ab i l i z ing  the  
The dose calculat ions are based on the  resuspension of t a i l i n g s  by 
average wind ve loc i t ies  of 7 mph f o r  New Mexico and 10 mph for Wyoming 
using t h e  resuspension model described i n  Sect.  7.2. 
t a i l i n g s  resuspended are  then apportioned according t o  t h e  d i rec t iona l  
frequencies of t h e  winds charac te r i s t ic  of t he  meteorology of t h e  two 
s i t e s .  
speed by a power function, about t e n  times more t a i l i n g s  a re  resuspended 
fo r  a given area of t a i l i n g s  with a 10-mph wind than with a 7-mph wind. 
Resuspension of t a i l i n g s  may be grea te r  than t h a t  estimated using the  
annual average wind speeds. A 3O-mph wind ( i . e . ,  a dust storm) blowing 
f o r  one day, f o r  example, resuspends about 300 times more t a i l i n g s  than 
a 10-mph wind and about 4000 times more than a 7-mph wind (Sect. 7 .2) .  
I n  terms of rad ia t ion  dose, however, a s ingle  30-mph wind does not add 
g rea t ly  t o  t h e  annual rad ia t ion  doses calculated f o r  average windspeeds. 
For t h e  New Mexico m i l l  (solvent extract ion process),  a 30-mph wind 
would resuspend t a i l i n g s  p a r t i c l e s  such tha t  a concentration of 1.37 x 
Ex- 
The amount of 
Since the  r a t e  of resuspension of t a i l i n g s  increases with wind- 
g/m3 would be i n  the  a i r  a t  0.5 mile from the  t a i l i n g s  area. 
posure t o  this concentration for 1 day (breathing) and deposition f o r  
1 day, with subsequent incorporation i n t o  t h e  food chain and exposure 
t o  individuals from contaminated ground, would add 2.6 m i l l i r e m s  per  year 
t o  the  annual t o t a l  body dose from m i l l  e f f luents  of 36.8 millirems ca l -  
culated f o r  Case l on the  bas i s  of t he  average wind veloci ty  (Table 7.15). 
7.4.3 Total  Radiation Dose from t h e  Combined Operating Model Mills and 
Tailings P i les  
Maximum radia t ion  dose t o  individuals and organs of individuals from 
a l l  operating m i l l  sources a re  summarized f o r  Case 1 i n  Tables 7.15 and 
7.16 f o r  t h e  New Mexico and Wyoming s i t e s ,  respectively.  
t o  t he  lungs during operation of t he  m i l l  and t a i l i n g s  areas i s  presented 
i n  Table 7.17 f o r  a l l  cases. These doses a re  t h e  sum of t h e  doses pre- 
sented i n  Tables 7.7 o r  7.7c, 7.12, and 7.13 o r  7.13a and represent t h e  
t o t a l  doses received during t h e  20th year of operation when t h e  t a i l i n g s  
area has reached the  maximum size.  I n  Cases 2 t o  7, no resuspension of 
t a i l i n g s  occurs; consequently, t he  t o t a l  dose i n  these cases i s  t he  sum 
of t h e  doses from the  airborne m i l l  e f f luents  (Table 7.7 o r  7 . 7 ~ )  and the  
radon from t h e  t a i l i n g s  area (Table 7.12). 
radon t o  t h e  t o t a l  body dose and doses t o  organs other than t h e  lung i s  
negligible.  Thus, t h e  doses l i s t e d  i n  Tables 7.7 and 7 . 7 ~  f o r  t h e  m i l l  
e f f luents  f o r  t o t a l  body and organs (other  than t h e  lung) a re  a lso t h e  
t o t a l  maximum doses f o r  t he  complete m i l l  i n s t a l l a t i o n  i n  Cases 2 t o  7. 
The population doses f o r  t o t a l  body and organs exposedto both m i l l  
and t a i l i n g s  airborne e f f luents  at t he  Case l m o d e l m i l l s  a re  presented 
i n  Table 7.18. 
The t o t a l  dose 
The contribution of 
7.4.4 Radiation Dose t o  Biota Other than Man 
The estimated maximum doses t o  man ( t o t a l  body) i n  Case 1 range 
from 37 t o  102 millirems/year f o r  individuals located 0.5 mile from the  
f a c i l i t y .  The rad ia t ion  doses t o  t e r r e s t r i a l  animals l i v ing  around the  
s i t e  would be s imilar .  Small m m a l s ,  such as rodents and rabbi ts ,  and 
l a rge r  animals, such as deer, a lso would be subjected t o  exposures v i a  
immersion i n  air ,  contaminated ground, and inhalation. These animals 
would receive addi t ional  exposure v i a  t h e i r  pa r t i cu la r  food chains. 
i l  
Although the  model m i l l s  do not have a l i q u i d  radioactive release,  
it would be possible f o r  aquatic organisms t o  receive s m a l l  doses of 
radiat ion from process dusts o r  t a i l i n g s  t h a t  might be deposited from 
t h e  atmosphere in to  t h e i r  habi ta t s .  These deposits,  depending on the  
surface area of a pa r t i cu la r  aquatic habi ta t ,  would be small and subse- 
quent d i lu t ion  i n  the  volume of receiving water would reduce concentrations - 
avai lable  t o  aquatic biota .  
deposits would be only several  percent of t h e  doses estimated f o r  
t e r r e s t r i a l  organisms. 
Doses t o  aquatic organisms from atmospheric 
7.5 Radiation Dose from Long-Lived Radionuclides 
After t h e  M i l l  I s  Closed 
I n  this  section, estimates are  presented of fu ture  po ten t i a l  radiat ion 
doses t o  individuals and populations exposed t o  the long-lived radio- 
nuclides t h a t  are  deposited on the  land surfaces as a r e s u l t  of m i l l  
operation. These estimates involve many complex considerations. All of 
t he  information necessary t o  make accurate predictions i s  not available.  
I n  t h e  absence of  complete information, estimates are  made using the  best  
current knowledge. 
def ic iencies  of knowledge ex i s t .  
t h e  estimates of heal th  consequence a re  wel l  above the  probable e f fec ts .  
A more-detailed assessment of t h e  radiat ion exposure t o  fu ture  generations 
from long-lived elements has been included i n  a recent environmental 
analysis of t he  LME'BR program. 
Conservative assumptions are  used i n  areas where 
These assumptions make it l i k e l y  t h a t  
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7.5.1 Source Term 
The model m i l l  (Case 1) releases  radon gas, dusts from t h e  m i l l ,  
and airborne t a i l i n g s  during each year of operation. 
individuals and populations a re  exposed t o  a radioactive cloud from 
which they receive rad ia t ion  doses due t o  immersion i n  the  cloud and 
from inhalation. Radionuclides a r e  deposited on t h e  ground from t h e  
cloud and accumulate i n  t h e  environment around t h e  fac i l i ty ,caus ing  
ex terna l  rad ia t ion  exposure from contaminated ground and the  ingestion 
of contaminated food. The radionuclides with long ha l f - l ives  continue 
t o  expose t h e  population long a f t e r  t h e  plant  has ceased operations. 
The t o t a l  quant i t ies  of radionuclides re leased i n  Case 1 from t h e  model 
a lkal ine leach m i l l  s i t e d  i n  Wyoming a r e  l i s t e d  i n  Table 7.19. This i s  
t h e  worst case ( i . e . ,  t h e  highest  re lease)  studied. 
radionuclides (234U, 
ment f o r  generations. 
During t h i s  t h e ,  
The longest-l ived 
238 U, "'Ra, and 230Th) w i l l  remain i n  t h e  environ- 
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The d i s t r ibu t ion  of these radionuclides around the  m i l l  must be 
estimated i n  order t o  define t h e  rad ia t ion  dose t o  the  population. 
t h i s  assessment, it i s  e s t i m a t e d t h a t  e s sen t i a l ly  a l l  of t he  radioactive 
mater ia ls  are  deposited within a 50-mile radius of the  mil l .  This follows 
from consideration of the  meteorology at the model p lan ts  and from the  
use of a s e t t l i n g  r a t e  f o r  p a r t i c l e s  of 1 cmssec-' from a source which i s  
released at ground leve l .  
t h e  dose t o  the population from releases  from the  operating m i l l  and 
the  t a i l i n g s  area. 
indicate  tha t  as much as  7% of the mater ia ls  a r e  deposited within 50 
For 
The same assumptions a re  used i n  estimating 
Other estimates of the  deposit ion of these mater ia ls  
miles, even though t h e  release point i s  t he  top of a 100-m-high stack. 22 
The average exposure t o  individuals and t h e  population i s  estimated 
using t h e  assumption t h a t  the  radionuclides deposited during the  opera- 
t i o n a l  l i fe t ime of t h e  model m i l l  a re  uniformly d i s t r ibu ted  within the  
50-mile radius area (2.03 x lo1' m 2 ) .  
an underestimation of t he  dose t o  individuals l i v ing  near t he  f a c i l i t y  
o r  i n  areas of t he  prevai l ing wind d i rec t ion  and an overestimation of the 
dose t o  individuals l i v ing  i n  the outer annulus of the 5O-mile radius of 
the  m i l l .  
The use of t h i s  assumption causes 
I n  calculat ing the  dose from '"Rn gas, it i s  assumed t h a t  the 128- 
acre t a i l i n g s  p i l e  with a 6-in. ea r th  cover would release 8.4 x lo3 C i  
of "'Rn each year a f t e r  t he  m i l l  i s  closed. 
a dis tance of 25 miles from the  m i l l  (5.5 x lo-' s e c ~ m - ~ )  i s  used t o  
calculate  the concentration of 222Rn at t h a t  distance.  
centrat ion i s  used, i n  turn,  t o  estimate t h e  annual dose t o  the  lungs 
of the  average individual  within the 50-mile radius of the  m i l l .  
f u r the r  assumed t h a t  the  '"Rn i s  i n  secular equilibrium with i t s  daughter 
products. 
The average X/Q' value f o r  
This "'Rn con- 
It i s  
7.5.2 Pathways of Exposure 
i ,  
Resuspended A i r  Act ivi ty .  - After airborne pa r t i cu la t e s  are  removed 
from the  atmosphere and reach the  ground by deposit ion and washout, they 
may again en ter  t he  atmosphere by resuspensian processes. If they do, 
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they may be inhaled. There i s  present ly  no general model which may be 
used t o  predict  t he  leve ls  of resuspended a i r  a c t i v i t y  with due regard 
t o  the  geometrical configuration of the  land surface, the  cha rac t e r i s t i c s  
of t he  deposited radioactive par t icu la tes ,  and the parameters of host  
s o i l ,  t he  vegetation cover, and t h e  meteorological conditions. These 
highly var iable  f ac to r s  and others  r e l a t ed  t o  land use, such as  the  
disturbance of s o i l  surfaces by human ac t iv i ty ,  must be considered i n  
preparing a precise  estimate of resuspended radioact ivi ty .  
A resuspension f ac to r  can be estimated from measurements made above 
aged contaminated s o i l  and from consideration of na tura l  t r a c e r s  such 
as 
recent measurements of 23gPu made a t  t he  Nevada Test S i t e  i n  an area 
contaminated 17 years previously. 21 Measurements of 239h i n the  v i c i n i t y  
of t he  Rocky F la t s  plant  several  years a f t e r  deposit ion indicated a 
-1 21 resuspension f ac to r  of lo-’ m . Discounting airborne mater ia l  of 
i n d u s t r i a l  o r ig in ,  it appears from the  data  concerning movement of na tura l  
238U t h a t  a r e a l i s t i c  estimate of the  resuspension of aged radioactive 
mater ia l  i n  surface s o i l  l i e s  between IO-’ and lo-’’ m . This i s  i n  
agreement with the  f i e l d  measurements f o r  239h. An intermediate value 
of 1 x lo-’ i s  used i n  t h i s  survey t o  estimate the amounts of radioactive 
mater ia ls  resuspended over a long period of time i n  the  regions around 
a mil l ing f a c i l i t y .  The resu l tan t  airborne concentration i s  used t o  
estimate the  inhalat ion dose. It i s  assumed t h a t  the  resuspension value 
remains constant even though the  deposited radionuclides may not remain 
on o r  near t he  surface of the  s o i l .  Actually, a continuation i n  the  
reduction of t he  a v a i l a b i l i t y  of these mater ia ls  beyond the  current 
measurement experience of 20 years can be expected. Thus, t h e  use of a 
constant resuspension f ac to r  i s  a conservative assumption which w i l l  
maximize the  estimated dose. Resuspended radionuclides a re  a l so  assumed 
t o  enter  t e r r e s t r i a l  food pathways (vegetables, milk, and beef )  v i a  
redisposi t ion on fo l iage  of crops and pastures.  For estimating intake 
v i a  inhalat ion of resuspended radionuclides, the  expression i s :  
238 U. Resuspension f ac to r s  of lo” and lo-’’ m-l were obtained from 
-1 21 
C i  intake yr-l  = C i  m-2 x 16” rn-l x 7200 m3 inhaled yr-’ 
1 
I 
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I 
cluding downward movement of radioactive mater ia ls  i n  s o i l ,  which can 
reduce t h e i r  a v a i l a b i l i t y  t o  higher p lan ts ,  and react ions with s o i l  
Ingestion. - The radionuclides t h a t  are  not inhaled by man remain 
i n  the  environment f o r  times proportional t o  t h e i r  radiological  ha l f -  
l i ves .  
contaminated by d i r ec t  deposit ion of airborne p a r t i c l e s  onto f o l i a r  
pa r t s  and by root uptake of isotopes leached from, or exchanged with, 
pa r t i c l e s  deposited i n  s o i l .  Plant uptake s tudies  show t h a t  uranium, 
radium, and thorium are  strongly excluded from plant  uptake and poorly 
t ranslocated by plant  systems. The general f indings from experiments 
indicate  t h a t  the  concentration fac tors  (ppm dr ied  plant  material/ppn 
dr ied  s o i l )  are  about t o  
conditions. 
t he  l i s t  i s  not a l l - inc lus ive .  Long-term changes i n  plant  uptake are 
unknown. Several  competing processes can influence the changes, in-  
During t h i s  time they may be ingested by man. Plants may be 
Lower f ac to r s  may occur under f i e l d  
Although various plant  and s o i l  types have been tes ted ,  
organic matter and microbial  transformations, which may increase t h e i r  
a v a i l a b i l i t y  . 
The f r ac t ion  of these radionuclides t h a t  enters  man during t h e i r  
long existence i n  the  environment w i l l  depend on t h e i r  d i s t r ibu t ion ,  
t h e i r  chemical and physical behavior i n  the  environment f o r  thousands 
of years, and climatological conditions and land 1:se pa t te rns  spec i f ic  
t o  the  area. 
t he  many f ac to r s  influencing the  movement of these elements through 
the  environment over the  periods of hundreds t o  tens  of thousands of 
years, during which they may en ter  man through the  ingestion pathway, 
i s  not avai lable  t o  permit a precise  estimate of the  dose t o  man. It 
i s  appropriate, therefore ,  t o  use conservative parameters and assumptions 
t o  estimate the amounts t h a t  may be ingested by the  population. It i s  
assumed t h a t  plant  mater ia l  accumulates a concentration, C f ,  of radio- 
nuclides i n  the  s o i l  i n  which the  plants  grow, t h a t  there  i s  no downward 
movement of the  radionuclides i n  the s o i l  beyond the  root zone (15 cm), 
and t ha t  radionuclides a re  not l o s t  by drainage of water. With a s o i l  
densi ty  of 1 . 5  g ~ m - ~ ,  the  radionuclides deposited on a square meter a re  
contained i n  2.25 x lo6 g of s o i l .  
t o  estimate t h e  intake via ingest ion of p lan ts :  
Suf f ic ien t ly  de ta i led  and accurate knowledge regarding 
The following expression i s  used 
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x Cf x 9.12 x lo4 g plant  ingested yr- l ,  c i  m-2 2.25 x 106 g cm-2 C i  yr-l ingested = 
where C values are:  2.5 x f o r  uranium, 3.0 x f o r  radium, and 
4.0 x f o r  thorium. Additional intake from the  ingestion of p lan ts  
contaminated via  resuspended radionuclides i s  calculated using the  
TERMOD code. 
f 
20 
Contaminated Ground. - Exposure v i a  contaminated ground i s  a l so  
estimated. It i s  assumed tha t  there  i s  no loss  of deposited radionuclides 
from t h e  s o i l  surface except through radioactive decay. 
7.5.3 Dose Estimates 
The radiat ion dose t o  an individual  res iding within the  uniformly 
contaminated area of 7.85 x lo3 square miles i s  estimated f o r  t o t a l  body, 
bone, and lungs. No addi t ional  population assumptions a re  made, and 
population doses a re  expressed as man-rems per 53,000 persons. 
rad ia t ion  doses from ingestion and inhalat ion are  50-year dose commitments 
from 1 year of exposure, i . e . ,  t h e  dose a.n individual  w i l l  accrue over 
a 50-year period from 1 year of intake of radionuclides. 
(exposure t o  contaminated ground) a re  annual doses from 1 year of exposure. 
It i s  conservative t o  c a l l  a dose comitment an annual dose i n  t h e  case of 
a s ing le  year’s  intake of long-lived radionuclides. However, for assessing 
a s i t ua t ion  where people a re  continually exposed over long periods of time 
and radionuclides have reached steady-state conditions i n  the  environment, 
dose commitments may approximate annual doses. 
A l l  
External doses 
Individual and Organ Doses. - A s  a r e s u l t  of t he  deposit ion of long- 
l i ved  radionuclides, persons l i v ing  within a 50-mile radius of t h e  model 
m i l l  w i l l  continue t o  receive some rad ia t ion  dose above background long 
a f t e r  plant  operation has been terminated, or ac tua l ly  u n t i l  the  ult imate 
decay of a l l  t h e  radionuclides. 
average individual  l i v ing  within a 50-mile radius of t he  m i l l  f o r  t he  
various radionuclides and exposure modes are  shown i n  Table 7.20. Forty- 
nine percent of t he  t o t a l  body dose of 1 . 4  x 
The doses per year of exposure t o  the  
millirem r e s u l t s  from 
exposure t o  contaminated ground and 4% from the  ingestion of radio- 
ac t ive  materials.  Forty-nine percent of t h e  t o t a l  body dose i s  from 
226Ra, and 45% i s  from 238U and 234U. 
dividual  w i l l  vary as a function of distance from t h e  mill. 
during operation, t h e  t o t a l  body dose t o  an individual  from "'Ra at 
a distance of 1 mile i s  about U.00 times higher than t h e  dose t o  an 
individual  at 50 miles. 
organs resu l t ing  from the  various radionuclides and f o r  t h e  major i n t e rna l  
pathways a re  shown i n  Table 7.21. The lung receives the  highest organ 
dose (0.34 m i l l i r e m )  which i s  about 50 times t h e  dose t o  the bone 
(6.7 x millirem) (Table 7.21). 
The ac tua l  dose t o  any one in-  
For example, 
The average doses per year of exposure t o  the  
Population Doses. - The annual population t o t a l  body dose i s  7.4 x 
man-rem per 53,000 persons a f t e r  t h e  m i l l  closes and u n t i l  there  i s  
s ignif icant  decay of the long-lived radionuclides (Table  7.22).  The 
annual dose t o  the  population ( t o t a l  body and organs) i s  again primarily 
due t o  226 Ra,  238U,and 234U, with "'Ra contributing 48% and the  uranium 
isotopes 45% of t h e  t o t a l .  
18 man-rems per  year per 53,000 persons. 
The lung receives the  highest organ dose, 
7.6 Movement of Radioactive Materials i n  Underground 
Seepage from Tai l ings Ponds 
Radioactive materials can be transported by water. A s  a requirement 
f o r  l icensing, su i tab le  precautions must be taken to prevent t h e  release 
of radioactive materials t o  surface streams (Sects. 9.5.2, 9.5.3, and 
9.6.2). Therefore, these case s tudies  dea l  only with t h e  underground 
seepage from the  t a i l i n g s  pond. 
mater ia ls  which seep, and of t he  distances t h a t  these materials move 
through t h e  ear th  i n  both v e r t i c a l  and horizontal  direct ions,  i s  d i f f i c u l t  
i n  a generic study because of t he  lack of da ta  and the  diverse geology 
of t he  various t a i l i n g s  s i t e s .  
sanples have not been made underneath t a i l i n g s  p i l e s  o r  evaporation ponds 
t o  determine the  ac tua l  r a t e  of movement of radioactive materials. How- 
ever, monitoring w e l l s  a re  placed around t a i l i n g s  areas t o  detect  t h e  
horizontal  movement of radioactive materials. Available data  indicate  
Estimation of t he  amount of radioactive 
Core d r i l l i n g s  and analyses of core 
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t h a t  no detectable  horizontal  underground movement of radioactive 
mater ia ls  beyond the  p lan t  boundary has occurred from t a i l i n g s  ponds 
s i t e d  by current l icensing standards (Sect. 9.5 .2)  ; i . e . ,  t h e  amount of 
radioact ive materials found i n  a given monitoring wel l  remains constant 
over a period of years. 
model p lan ts  t h a t ,  even i n  Case 1, no detectable  amounts of radioactive 
materials a re  released t o  ' the environment beyond the  plant  boundaries 
i n  e i t h e r  surface or underground waters during plant  operation or f o r  
any foreseeable period thereaf te r .  
t o  reduce t h e  already low seepage r a t e  (Table 4.15), and t o  lower t h e  
l eachab i l i t y  of t he  so l id  waste (Table 4.16), i n  the improbable event 
t h a t  a major c l imat ic  change occurs from an a r i d  t o  a wet environment. 
Consequently, it i s  assumed i n  t h i s  survey of 
The advanced cases provide treatment 
A l imited theo re t i ca l  analysis of t h e  t ransport  of radioactive 
materials i n  ground water i s  presented. This supports t h e  conclusion 
t h a t  radioactive mater ia ls  which seep from the bottom of t h e  t a i l i n g s  
pond do not pass beyond the  plant  boundaries i n  d-etectable amounts. 
The analysis  i s  necessar i ly  l imi ted  because of t h e  small amount of da ta  
avai lable .  
A t y p i c a l  cross sect ion showing a s m a l l  seepage pond and i t s  re la t ion-  
sh ip  t o  a surface stream i s  shown i n  Fig. 7.4, top.  
seeps from t h e  pond in to  the  sandy soil below at a steady-state r a t e  of 
4.0 x 
pond bottom by the  f i n e  sediment contained i n  t h e  m i l l  t a i l i n g s .  
magnitude of t he  f lux  i s  selected t o  r e s u l t  i n  a 1% loss  of soluble 
radionuclides from t h e  pond by seepage and i s  greater  than any r a t e  
reported f o r  an ex is t ing  pond. Two computer codes a re  used t o  analyze 
t h e  t ransport  of radionuclides i n t o  t h e  sandy s o i l  below t h e  pond. The 
f i r s t  code23 provides a numerical solut ion t o  the  equation t h a t  governs 
the  flow of water through t h e  medium. 
24 code i s  then used i n  the  second code, which provides a numerical solut ion 
t o  the  equation which describes t h e  t ransport  of t he  radioactive ions. 
The medium below t h e  clogged bottom i s  assumed t o  be an unconsolidated 
sand t h a t  has an i n t r i n s i c  permeability of 5.6 x lo-* cm 
of 3%. To simplify the  calculat ions,  steady-state f l u i d  ve loc i t i e s  i n  
I n  Case 1, water 
cm/sec. This flow r a t e  i s  very low due t o  clogging of the  
The 
The veloci ty  output from t h e  f i r s t  
2 and a porosi ty  
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t h e  medium below the pond ( i . e . ,  water-sat crated s o i l )  rere used i n  
t he  solut ion of the  t ransport  equation (Fig. 7.4, bottom).* 
above assumptions maximize the  t ransport  of radioactive materials.  Radium 
has a d i s t r ibu t ion  coef f ic ien t ,  kd, of 100, while 234U, 238U, 230Th, and 'loPb 
have d i s t r ibu t ion  coef f ic ien ts  grea te r  than 1000. The d i s t r ibu t ion  coeff ic ient  
i s  defined as the  equilibrium concentration of a radionuclide adsorbed on 
the  sand divided by the  concentration i n  the  water, i . e . ,  C i  "'Ra/g 
of sand divided by the  C i  "'Ra/ml of water. 
A l l  the  
25 
i 
The solut ion of the  t ransport  equation f o r  the movement of "'Ra 
from the  pond i n  5- and 20-year periods using a kd of 100 i s  shown i n  
Fig. 7.5. The two concentration contours represent t he  posi t ions where 
the  concentration of 2 2 6 R a  i n  t he  water i s  10 and 5w0 of t h a t  i n  the  
seepage pond. 
of t he  pond a f t e r  20 years. These r e s u l t s  indicate  tha t  no detectable  
amount of "'Ra reaches the  stream i n  the  20-year l i f e t ime  of t he  plant .  
Figure 7.6 shows the  movement of radionuclides from the seepage pond 
toward the stream when the  k i s  1000. The 1% contour f o r  a k of 
1000 i s  only about 2 m (6 f t )  below the  bottom of the pond. 
radionuclides, such as 230Th, 234U, 236U, 238U, and "lorn,  which have 
d i s t r ibu t ion  coef f ic ien ts  grea te r  than 1000,do not reach the  stream i n  
detectable concentrations during the  20-year l i f e t ime  of the plant .  
The 1fl0 contour i s  only about 3 m (10 f t )  below the  bottom 
d d 
Thus, 
After  the  mill has been closed, no water other  than p rec ip i t a t ion  
I n  t h e  a r i d  regions, where most mi l l s  are  located,  enters  t he  pond. 
t he  evaporation r a t e  exceeds the  r a t e  of prec ip i ta t ion .  The t a i l i n g s  
pond evaporates, and there  i s  very l i t t l e  net  flow of  water. 
movement of the  radionuclides, which a re  adsorbed on the  sands under 
the  seepage pond, becomes extremely slow i n  t h e  absence of a flow of 
water. Thus, it i s  assumed t h a t  the  addi t ional  movement of radioact ive 
mater ia ls  a f t e r  m i l l  shutdown i s  near ly  zero i n  the  absence of climatic 
changes t h a t  might r a i s e  the  water tab le .  
Additional 
n 
*Calculated penetrat ion of seepage l i q u i d  in to  dry s o i l  of 3% porosi ty  
i s  about 28 f t  i n  20 years, assuming no ground water present or 
cap i l l a ry  action. 
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The solut ion of these problems was obtained by numerical solut ion 
of the  governing p a r t i a l  d i f f e r e n t i a l  equations for a spec i f ic  s e t  of 
boundary conditions and coeff ic ients .  
groundwater problems, t h e  r e s u l t s  obtained apply only t o  the  problems 
presented. 
f o r  these spec i f ic  conditions may not be applied i n  other  problems. 
Because of t h e  complexity of 
Thus, t he  r a t e  of movement of radioactive mater ia ls  estimated 
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8.0 CORRELATION OF RADIOLOGICAL DOSE WITH COST OF WASTE TREZClTMENT 
The relat ionships  between the  impact of radioactive releases  (dose 
commitment) presented i n  Section 7 and t h e  annual costs  of t he  radwaste 
treatment systems described i n  Sections 4 and 6 are  discussed i n  t h i s  
section. The accuracy of t h e  cost  estimates i s  about +3v0. Uranium m i l l s  
a re  located i n  a r i d  regions where ag r i cu l tu ra l  use of t h e  surrounding land 
i s  l imited.  Therefore, dose commitments to t he  individual  are  presented 
f o r  t he  two extremes of food consumption, i . e . ,  where none (v~)  o r  a l l  
( l odo)  of t he  food t h a t  i s  consumed by an individual  i s  grown a t  t he  
reference locat ion where the  individual l i ves .  The ac tua l  doses f o r  a 
spec i f ic  m i l l  location, where the  food consumption pa t te rn  i s  known, can 
be estimated from these values by applying appropriate fac tors .  Doses, 
other than to  the  lung, are approximately a factor of 10  lower than the 
maximum doses i f  none of t he  food consumed i s  produced at the  reference 
location, o r  approximately a f ac to r  of 5 lower i f  half  of the  meat but 
none of t he  other  food i s  produced loca l ly .  Some of t he  advanced treatment 
systems are  i n  an ear ly  stage of development and t h e i r  technical  f e a s i b i l i t y  
has not been ve r i f i ed  i n  a plant i n s t a l l a t ion .  Models f o r  t he  movement and 
concentration of radionuclides i n  the  environment a re  receiving addi t ional  
study t o  increase t h e i r  accuracy. In t e rna l  m i l l  flowsheets a re  based on 
ac tua l  operating experience of m i l l s  today. 
i s  t h e  average processed by the industry over the  past  f i v e  years. The 
mill processes a dry, WO moisture ore which y ie lds  a r e l a t ive ly  la rge  amount 
of dust and a r e l a t ive ly  high dose t o  t h e  surrounding population. Factors 
a re  provided i n  Table 4.4 which can be used t o  estimate the  dose when ores 
with a higher moisture content a re  used (wetter ores produce l e s s  dus t ) .  
I n  the  base case, estimates of the  release of radioactive wastes ( the  
source terms) are  r e a l i s t i c  f o r  airborne releases  from t h e  t a i l i n g s  area, 
and conservative ( i . e . ,  maximum) f o r  airborne releases  from t h e  m i l l ,  
seepage losses ,  and leach ra tes .  I n  a l l  cases, conservative assumptions 
( i . e . ,  those t h a t  maximize dose o r  cos t )  are  made i n  select ing treatment 
eff ic iency ra t ings  f o r  equipment, i n  estimating costs,  i n  defining t h e  
movement of radionuclides i n  t h e  environment, and i n  se lec t ing  food and 
l i qu id  consumption pat terns .  
The ore composition selected 
0 
Cost-benefit correlat ions are  presented i n  t h e  following sections 
f o r  an acid leach-solvent extract ion and an alkaline-leach uranium m i l l  
s i t e d  i n  New Mexico and i n  Wyoming f o r  th ree  time periods: 
period while t he  m i l l  i s  operating, ( 2 )  t he  interim period following 
m i l l  closure while t he  t a i l i n g s  dry and before they a re  s tab i l ized ,  and 
(3)  t h e  period a f t e r  f i n a l  s t ab i l i za t ion  of t h e  t a i l i n g s .  
cos ts  of treatment systems which would reduce the  amount of radioactive 
mater ia ls  re leased i n  airborne e f f luents  a re  correlated with the  doses 
t o  individuals and t o  the  population out t o  a distance of  55 m i l e s .  
dose t o  the  surrounding population i s  not estimated f o r  t he  release of 
radioact ive seepage o r  t he  po ten t i a l  re lease of leach waters because of  
t h e  lack of t he  de t a i l ed  information required t o  ca lcu la te  t h e  underground 
movement of l iqu ids  and dissolved sol ids  and because of t h e  d ivers i ty  of 
t h e  s i t e s  t o  be considered. This corresponds t o  the  current s t a t e  of 
knowledge where there  i s  no evidence of underground movement of radioactive 
mater ia ls  beyond t h e  plant  boundary from t a i l i n g s  areas s i t e d  i n  the  semi- 
a r i d  western s t a t e s  by current standards (Sect. 9.5.2) and l i t t l e  movement 
i s  predicted i n  a sample calculat ion (Sect. 7 .6) .  
not re leased d i r e c t l y  t o  surface streams a t  operating m i l l s  (Sects. 9.5.2) 
and none i s  released i n  the  case s tudies .  However, selected mounts of 
radioactive mater ia ls  a r e  released through t h e  bottom of the  t a i l i n g s  
area i n  seepage i n  the  case s tudies  and these amounts along w i t h  the  
amounts of radioactive m a t e r i a l s  that ,  po ten t ia l ly ,  could be released i n  
leach waters, ra ther  than dose t o  the population, a re  correlated with the  
annual cos ts  of treatment systems which would reduce the  mount of radio- 
act ive materials released i n  seepage or po ten t i a l ly  i n  leach waters. 
treatments provide addi t ional  sa fe ty  i n  the  storage of t h e  wastes and are  
e f f ec t ive  i n  reducing po ten t i a l  doses. The leach r a t e  has appl icat ion i n  
defining the  po ten t i a l  movement of radioactive materials i n  water (1) a t  
s i t e s  with high r a i n f a l l ;  ( 2 )  i n  wet storage areas,  such as spent mines; 
and (3)  a t  s i t e s  where geologic or meteorologic changes may occur, which 
could form a f i s s u r e  under the  t a i l i n g s  p i l e  or cause t h e  water t ab le  t o  
r i s e  in to  the  t a i l i n g s ,  although these considerations a re  not var iables  
i n  t h i s  study. 
(1) the  
The annual 
The 
Liquids or so l ids  a re  
These 
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Cost-benefit comparisons a re  presented f i r s t  i n  summary form f o r  
t he  combined waste treatment packages fo r  each case (Sect. 8.1), and 
then separately f o r  t h e  major components (Sects. 8.2 t o  8.7).  The gross 
comparisons of Sect. 8 .1mask many features  including t h e  r e l a t i v e  cost- 
benefit  of a l te rna t ive  procedures. 
e ra l iza t ions .  I n  essence, t he  study deals with four d i f fe ren t  model 
uranium m i l l s ,  because the  na tura l  evaporation r a t e  and t h e  wind speed 
a t  t he  s i t e s  are  var iables  which a f f ec t  t h e  amount of radioactive materials 
released from the  t a i l i n g s  area and the  cost  of waste treatment. Conse- 
quently, t he  solvent extract ion m i l l  s i t e d  i n  Wyoming has a d i f fe ren t  
impact than the  solvent extract ion m i l l  s i t e d  i n  New Mexico even though 
the  same in t e rna l  m i l l  process i s  used at both s i t e s .  
It i s  d i f f i c u l t  t o  make broad gen- 
8.1 Airborne and Liquid Effluents f r o m  M i l l  and T a i l i n g s  
Area During M i l l  Operation and After M i l l  Closure 
The t o t a l  annual costs  fo r  reduction of t he  radiological  dose t o  the  
population surrounding the  model m i l l s  during m i l l  operation and a f t e r  
m i l l  closure a re  summarized f o r  Cases 1 t o  7 i n  Table 8.1 and Fig.  8.1 
f o r  t he  model acid leach--solvent extract ion m i l l  at New Mexico and i n  
Fig. 8.2 f o r  t h e  alkaline-leach m i l l  at New Mexico. Similar summaries 
fo r  the Wyoming s i t e  a re  presented i n  Table 8.2 and Figs.  8.3 and 8.4. 
The t o t a l  annual costs  include a l l  costs  f o r  treatment of airborne and 
l i qu id  e f f luents  from the  m i l l  and t a i l i n g s  area during m i l l  operation 
and a f t e r  m i l l  closure and include the amounts required t o  reduce the  
release of radioactive mater ia ls  i n  seepage or potent ia l ly  i n  leach waters, 
even though the  l i qu id  releases  do not contribute t o  t h e  calculated dose. 
These annual costs  vary from about $175,000 i n  Case 1 t o  nearly $10,000,000 
i n  Case 6c. 
The maximum annual individual doses a re  shown i n  Tables 8.1 and 8.2 
fo r  whole body and organs at a distance of 0.5 mile from the  operating 
model m i l l s  and t h e i r  associated t a i l i n g s  impoundments near t he  end of' 
t he  20-year l i f e  of the  m i l l s  when the t a i l i n g s  cover the  maximum area. 
The doses f o r  whole body and bone drop from Case 1 t o  Case 2.  
near an operating New Mexico solvent extract ion m i l l ,  t he  doses t o  an 
For example, n 
individual  assuming t h a t  10% of the  food i s  produced loca l ly  drop from 
about 37 mrem f o r  t o t a l  body and 400 mrem f o r  bone i n  Case 1 t o  about 6 
and 73 m r e m ,  respectively,  i n  Case 2 at a t o t a l  annual cost  increment of 
$27,000. About 45% of t h i s  dose reduction i s  t h e  r e s u l t  of covering t h e  
t a i l i n g s  beach t o  prevent wind resuspension of t a i l i n g s  a t  an annuai cost 
of $7,000 (Sect. 8.3). 
food ingestion dose drops from 61 mrem f o r  t o t a l  body and 640 mrem f o r  
bone i n  Case 1, t o  5 and 59 mrem, respectively,  i n  Case 2 a t  a t o t a l  annual 
cost  increment of $26,000. 
food ingestion dose drops from 102 mrem f o r  t o t a l  body and 1057 mrem f o r  
bone i n  Case 1, t o  6 and 66 mrem, respectively,  i n  Case 2 a t  a t o t a l  annual 
cost  increment of $25,000. 
doses drop from about 2 mrem i n  Case 1 t o  0.4 mrem i n  Case 2 f o r  t o t a l  
body and from about 60 t o  10 mrem for bone. 
which t a i l i n g s  dust becomes airborne from an exposed beach during operation 
of t h e  mill. I n  subsequent cases, t he  t a i l i n g s  beach i s  coated with a 
chemical spray t o  prevent resuspension of the  t a i l i n g s  by t h e  wind. 
sequently, i n  Cases 2 t o  7, radon i s  t h e  only radioactive mater ia l  t h a t  i s  
released from the  t a i l i n g s  area. The decrease i n  t h e  t o t a l  body and bone 
dose i n  Cases 2 t o  7 i s  t h e  r e s u l t  of t he  improved dust removal systems 
applied t o  the  gaseous eff luent  from t h e  m i l l .  The m i l l  dusts contain 
'"Ra which i s  a major contributor t o  t o t a l  body and bone dose. 
A t  t h e  Wyoming solvent extract ion m i l l  the  100% 
A t  the  Wyoming alkaline-leach m i l l  the  100% 
If no food i s  produced near t h e  m i l l ,  t he  
Case 1 i s  t h e  only case i n  
Con- 
After t he  m i l l  i s  closed, t he  ' t a i l ings  p i l e  i s  s t ab i l i zed  t o  prevent 
t he  movement of airborne t a i l i n g s  p a r t i c l e s  and t o  decrease the  emanation 
rate of radon. Thus, radon i s  t h e  only radioactive mater ia l  released from 
t h e  t a i l i n g s  p i l e  after m i l l  closure (with the  exception of t h e  interim 
period, Sect. 8.4). 
a f t e r  t h e  mill i s  closed i s  higher i n  Cases 1 and 2 than the  radon lung dose 
from the  combined m i l l  and tailings area during operation of t h e  m i l l  because 
t h e  radon i s  attenuated by t h e  pond water which covers a f r ac t ion  of t h e  
t a i l i n g s  during operation of t h e  m i l l .  
treatment lowers the  radon dose. Overall, t h e  radon dose from the  sta- 
b i l i z e d  t a i l i n g s  p i l e  i n  New Mexico decreases from 100 mrem i n  Case 1 t o  
2 x 
The radon lung dose from t h e  s t ab i l i zed  t a i l i n g s  area 
I n  l a t e r  cases, t h e  s t ab i l i za t ion  
mrem i n  Case 7 and t h e  t o t a l  annual costs  increase from $175,000 
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for Case 1 t o  nearly $10,000,000 f o r  Case 6. I n  addi t ion t o  the  lung 
dose from the  radon, which i s  continuously released from the  t a i l i n g s  
a f t e r  t h e  m i l l  closes,  there  i s  a lso a long-term dose from the  long- 
l i ved  radioactive mater ia ls  which were dispersed while t he  m i l l  was 
operating. The long-term t o t a l  body dose t o  an average individual 
l i v ing  within 50 miles i s  1 .4  x 
7.6 x 
of radioactive materials (Sect. 7 .5) .  Since these doses a re  small 
compared t o  t h e  background dose, no cost  correlat ions a re  made for t he  
long-term period f o r  t h e  dose received from the  par t icu la tes  dispersed 
by the  operating m i l l  and the  act ive t a i l i n g s  area. 
mrem/yr and t h e  bone dose i s  
mrem/yr a t  the  model m i l l  t h a t  released the  grea tes t  amount 
I n  Sections 8.2 t o  8.7, the  t o t a l  costs  are  separated in to  costs  
f o r  reduction i n  re lease of airborne radioactive materials,  and costs  
for treatment of l i qu id  wastes t o  reduce the amount of radioact ive 
mater ia ls  released i n  seepage or potent ia l ly  i n  leach waters and these 
costs  a re  compared with the  maximum dose t o  t h e  individual  or t h e  amounts 
of mater ia ls  released i n  seepage water. 
t h e  t o t a l  whole body dose t o  the  population out t o  a distance of 55 miles 
i s  1 t o  3 man-rem i n  Case 1 and l e s s  than 0.2 man-rem i n  Cases 2 t o  7 
(Tables 8.1 and 8.2) .  
s tab i l ized ,  t h e  t o t a l  annual whole body dose t o  the  population out t o  
50 miles i s  l e s s  than 0.01 man-rem i n  Case 1. Therefore, no cost  cor- 
re la t ions  a re  made with the  population dose. 
While the  m i l l  i s  operating, 
After t he  m i l l  i s  closed and t a i l i n g s  have been 
8 .2  Airborne Effluents from the  Operating M i l l  
Excluding the  Tailings Area 
The radiological  doses and annual costs  f o r  t h e  treatment of a i r -  
borne eff luents  from t h e  m i l l  process buildings (excluding the  t a i l i n g s  
area)  a re  presented i n  Tables 4.3 and 4.5 and Fig. 8.5. 
materials i n  t h i s  eff luent  consis t  of  radon, ore  dusts,  and uranium 
concentrate (yellow cake) dusts.  
treatment of t h e  m i l l  e f f luent ,  exclusive of the  t a i l i n g s  area, and are  
the  same f o r  both types of m i l l  a t  both s i t e s .  The waste treatment 
case s tudies  i l l u s t r a t e  an increasing eff ic iency f o r  dust removal f o r  
The radioactive 
The annual costs  are  those f o r  t h e  
Cases 1 through 6. 
charcoal which re ta ins  the  radon and allows it t o  decay t o  very low 
l eve l s  before re lease (Sect.  4.3.1.4). The doses f o r  t h e  New Mexico 
model m i l l s  are  presented i n  Tables 4.3-4.5 and 7.7-7.771 and i n  Fig. 
8.5 assuming tha t  10% of t h e  food i s  produced loca l ly ,  and i n  Tables 
7.8-7.8b assuming no (@) l o c a l  food production. 
Wyoming model m i l l s  (Tables 7 .7~-7 .7e  and 7 . 8 ~ - 7 . 8 e )  a re  81% of the  New 
Mexico doses because of differences i n  t h e  wind ve loc i ty  and frequency 
d i s t r ibu t ion  (Sect. 7 .1) .  
The treatment system i n  Case 7 includes a bed of 
The doses f o r  t h e  
The maximum annual whole body dose (lo(% food ingest ion)  a t  0.5 
mile distance from t h e  m i l l  decreases exponently with increased t r e a t -  
ment cost  from about 20 mrem i n  Case 1 a t  an annual cost  of $43,000 t o  
0.3 mrem i n  Case 6 where the  annual cost  i s  $265,000 (Tables 4.3 and 
4.5 and Fig. 8 .5) .  
of about $11,00O,(mrem reduction i n  t o t a l  body dose, 
of t o t a l  body dose i s  obtained by the  la rge  increase i n  cost  t o  $1,432,000 
i n  Case 7 where the  r e l a t ive ly  expensive charcoal bed i s  used t o  decrease 
the  re lease  of radon. 
t o t a l  body dose, and hence the  removal of radon i n  Case 7 has a negl igible  
e f f ec t  on the  t o t a l  body dose. 
dose (100% food ingest ion)  i s  contributed by 226Ra (Table 7.9) which i s  
contained i n  t h e  ore  dust.  
primarily a function of t h e  eff ic iency of t he  removal of t h e  ore dusts 
from m i l l  e f f luents .  If no food i s  produced loca l ly ,  t h e  t o t a l  body dose 
decreases from about 2 mrem i n  Case 1 t o  3 x 
This corresponds t o  an incremental cost-benefit  r a t i o  
No fur ther  reduction 
Radon contributes only a minor f r ac t ion  t o  t h e  
The major f r ac t ion  (85%) of t o t a l  body 
Thus, the  decrease i n  t o t a l  body dose i s  
mrem i n  Case 6 (Tables 
7.8 and 7.8c),  and t h e  incremental cost-benefi t  r a t i o  i s  about $110,00O/mrem 
reduct ion. 
The bone dose changes with treatment cost  i n  the  same manner as the  
t o t a l  body dose (Tables 4.3 and 4.5, Fig. 8 .5)  because it i s  a l so  mainly 
dependent on t h e  amount of "'Ra i n  t h e  eff luent  (Table 7.10). 
maxhum annual bone dose (100% food ingest ion)  a t  0.5 mile distance from 
t h e  mill decreases from roughly 200 mrem f o r  Case 1 t o  3 x mrem f o r  
Case 6 as t h e  annual cost  increases from $43,000 t o  $265,000. If no food 
i s  produced loca l ly ,  t h e  bone dose decreases from about 40 mrem i n  Case 1 
t o  l e s s  than 0.001 mrem i n  Case 6 (Tables 7.8 and 7 . 8 ~ ) .  
The 
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226 The lung dose i s  contributed predominately by Ra and Unat 
(Table 7.10). 
f o r  removal of ore dusts (Unat, '"Ra) and yellow cake dusts ( U n a t )  from 
the  airborne m i l l  e f f luents .  The maximum annual lung dose at 0.5-mile 
dis tance from the m i l l  decreases sharply from about 30 m r e m  f o r  Case 1 
a t  an annual cost  of $43,000 t o  2 mrem fo r  Case 3 at an annual cost of 
$84,000 (Tables 4.3 and 4.5, Fig. 8 .5) .  
between Cases 3 and 4 showing a lower r a t e  of decrease of dose with in- 
crease i n  annual cost  f o r  Cases 4 t o  7. 
by the  charcoal bed, t h e  lung dose i s  l e s s  than 0.01mrem and the  annual 
cost  i s  $1,432,000. 
the  lung dose from m i l l  sources, t h e  use of a charcoal bed does not seem 
j u s t i f i e d  because t h e  lung dose from the  act ive t a i l i n g s  area i n  Case 7 
i s  10 t o  100 times higher than the  lung dose from t h e  m i l l  e f f luents  
without t h e  charcoal t r a p  i n  Cases 5 and 6 (Table 7.17, Sect,  8.3). 
Therefore, t he  lung dose i s  a function of t he  eff ic iency 
An inf lec t ion  i n  the  curve occurs 
I n  Case 7, where radon i s  removed 
Although the  charcoal bed i s  e f fec t ive  i n  reducing 
8.3 Airborne Effluent from t h e  Tailings Area 
During Operation of the  M i l l  
During operation of t he  m i l l ,  t he  l i q u i d  and s o l i d  ore  t a i l i n g s  are  
pumped as a s lu r ry  t o  a t a i l i n g s  impoundment area. A beach of variable 
area forms which becomes a source of airborne radioactive par t icu la tes .  
I n  the  model plants ,  t h e  maximum area of beach i s  formed near t he  end 
of t he  20-year l i f e  of t he  m i l l .  A dry beach ex i s t s  i n  Case 1, ranging 
i n  area from 12 acres fo r  a solvent extract ion m i l l  i n  Wyoming t o  78 acres I 
fo r  an alkaline-leach m i l l  i n  New Mexico (Table 4.17). 
(2, 3, 4, 7 ) ,  the  beach i s  coated with a chemical spray t o  prevent the  
resuspension of t a i l i n g s  dust by t h e  wind. This reduces the  airborne 
release of t a i l i n g s  dust (containing "'Ra) t o  nearly zero and causes a 
sharp decrease i n  t o t a l  body and bone dose between Cases 1 and 2. 
~ a d i ~ m - 2 2 6  i s  the  major contributor t o  these doses. 
doses t o  individuals and organs of individuals a t  a dis tance of 0.5 m i l e  
from the  t a i l i n g s  p i l e  fo r  Case 1 are shown i n  Table 7.13 f o r  10% food, 
ingestion and Table 7.13a f o r  0% food ingestion. 
In  subsequent cases 
The m a x i m u m  annual 
The t o t a l  body dose 
(10% food ingest ion)  from the  t a i l i n g s  area i s  44 mrem f o r  the  acid 
leach--solvent extract ion m i l l  and 82 mrem f o r  t h e  alkal ine leach m i l l  
. 
i n  Wyoming and 16 mrem fo r  the  New Mexico m i l l s .  
from 166 t o  842 mrem f o r  the  m i l l s  at t he  two s i t e s .  
cost  f o r  t he  temporary cover i n  Cases 2, 3, 4, and 7 i s  $9,000 (Table 
4.17). 
from $73 t o  $562/mrem reduction i n  t o t a l  body dose. 
not required f o r  Cases 5 and 6 where the  t a i l i n g s  a re  incorporated i n  
e i t h e r  cement or asphalt  and hence a re  not susceptible t o  resuspension 
by the  wind. 
range from 0.3 t o  2 mrem i n  Case 1 and the  bone doses from 7 t o  62 mrem 
(Table 7.13a). 
The bone doses vary 
The maximum annual 
The incremental cost-benefit  r a t i o  between Cases 1 and 2 var ies  
Temporary cover i s  
If no food i s  produced loca l ly ,  the  t o t a l  body doses 
The maximum annual individual  dose t o  the  lung a t  a dis tance of 
0.5 mile from the  t a i l i n g s  a rea  i s  a function of t he  r a t e  of emanation 
of radon which generally occurs a t  two leve ls ,  i . e . ,  high f o r  Cases 1, 
2, 3, 4, and 7, where t h e  t a i l i n g s  a re  bare or covered with o n l y  6 inches 
of ear th ,  or low f o r  Cases 5 and 6 where the  t a i l i n g s  a re  incorporated i n  
cement or asphalt which a c t  as ba r r i e r s  t o  the  diffusion of radon. 
var ia t ion  of lung dose i s  t h e  r e s u l t  of the  var ia t ion  of area of dry 
beach f o r  t h e  two s i t e s  and two types of m i l l s  (Table 4.20). 
of radon occurs more readi ly  from dry t a i l i n g s  than from wet t a i l i n g s  
and, consequently, t h e  lung doses from t a i l i n g s  during m i l l  operations are  
about f i v e  times higher at t he  New Mexico s i t e  ( large dry beach area)  than 
at the  Wyoming s i t e  f o r  t h e  corresponding Cases (1, 2, 3, 4, and 7)  (Table 
7 . E ) .  
at t h e  New Mexico s i t e  when the  t a i l i n g s  are incorporated i n  cement or 
asphalt  (Cases 5 and 6 )  than at t h e  Wyoming s i t e .  
dose t o  lungs a t  t h e  alkaline-leach m i l l  i n  New Mexico i s  reduced from 
53 mrem i n  Case 4a t o  4 m r e m  i n  Case 5 (incorporation i n  cement) compared 
t o  the  alkaline-leach m i l l  i n  Wyoming where the  dose i s  reduced from 7 
mrem i n  Case 4a t o  2 mrem i n  Case 5. The annual cost  f o r  incorporating 
a l l  t a i l i n g s  i n  cement i n  Case 5 i s  $1,747,000 (Table 4.18). This cor- 
responds t o  an incremental cost-benefit  r a t i o  of about $35,OOO/mrem re -  
duction i n  lung dose f o r  t h e  alkaline-leach m i l l  i n  New Mexico. Incor- 
poration of t h e  t a i l i n g  slimes i n  asphalt  (Case 6b)  i s  l e s s  e f fec t ive  
i n  reducing the  radon emission and i s  3 times as cost ly .  The radon dose 
i s  pr imari ly  due t o  inhalat ion and i s  independent of t he  food ingestion 
pat tern.  
The 
Diffusion 
For these same reasons, a greater  reduction i n  dose i s  achieved 
For example, t he  radon 
ll0 
8.4 Airborne Effluent from t h e  Tailings Area 
During the  Interim Drying Period c 
After t he  m i l l  i s  closed, a 2- t o  3-year inter im period ensues 
wherein t h e  t a i l i n g s  dry out su f f i c i en t ly  t o  permit t he  use of earth- 
moving equipment for appl icat ion of the  f i n a l  s t ab i l i za t ion  cover. 
interim period does not occur i n  Cases 5 and 6 because the  t a i l i n g s  are  
incorporated i n  e i the r  cement or asphalt  during operation of t h e  mill. 
I n  the  other cases (1, 2, 3, 4, and 7 ) ,  survei l lance i s  maintained and 
the  chemical spray or a cover of ear th  or mine waste i s  applied i n  incre- 
ments as t h e  t a i l i n g s  dry out, so t h a t  i n  Case 1 the  area susceptible t o  
p a r t i c l e  resuspension by the  wind does not exceed 25 acres a t  t h e  Wyoming 
s i t e  and i n  Cases 2, 3, 4, and 7 it does not exceed 10 acres a t  e i the r  
s i t e .  Interim treatment i s  not applied at the  New Mexico s i t e  i n  Case 1 
because the  doses produced by the  uncovered, dry t a i l i n g s  p i l e s  at the  
mills i n  New Mexico (128 acres) ,  which are  subject t o  wind erosion, a re  
lower than f o r  t he  t a i l i n g s  p i l e s  i n  Wyoming (25 acres uncovered) which 
receive interim treatment. This i s  t he  r e s u l t  of t he  higher wind velocity 
i n  Wyoming. 
An 
For example, t he  maximum doses (10% food ingest ion)  a t  0.5 
mile from the  interim t r ea t ed  t a i l i n g s  area a t  the  acid leach--solvent 
ex t rac t ion  m i l l  . in Wyoming are  92 mrem f o r  t o t a l  body and 933 m r e m  f o r  
bone compared t o  44 mrem f o r  t o t a l  body and 448 for bone from the  untreated 
t a i l i n g s  area i n  New Mexico (Table 4.17). 
New Mexico i n  Cases 2,  3, 4, and 7. Doses are  approximately a f ac to r  of 
10  lower i f  no food i s  produced loca l ly .  
Interim treatment i s  applied i n  
Interim treatment i s  especial ly  benef ic ia l  f o r  t he  large t a i l i n g s  
area (157 acres )  present at t h e  acid leach--solvent extract ion m i l l  a t  
Wyoming. The maximum annual individual  t o t a l  body dose (10% food in-  
gest ion)  at,O.5 mile downwind would be 580 mrem, i f  t he  e n t i r e  area were 
allowed t o  dry and become a source of dust and radon. The annual cost  
of the  chemical spray f o r  interim treatment amortized over t h e  20-year 
l i f e  of t h e  m i l l  i s  $2000 i n  Case 1, when the  equipment i s  used only f o r  
interim treatment, and $1000 i n  Cases 2, 3, 4, and 7 where the  equipment 
i s  also used t o  coat t h e  beaches while t he  m i l l  i s  operating. 
8.5 Airborne Effluent from the  Tailings Area 
After F ina l  S tab i l iza t ion  
The t a i l i n g s  p i l e  which remains a f t e r  t he  m i l l  i s  closed contains a 
la rge  amount of hazardous radioactive materials.  
mater ia ls  i s  reduced by s i t i n g  the  t a i l i n g s  area above t h e  water tab le ,  
by providing protect ion from surface waters, and by covering the  t a i l i n g s  
with ear th  and rock and i n  some cases by incorporating the  t a i l i n g s  i n  
cement or asphalt .  Since the  t a i l i n g s  a re  covered ( s t ab i l i zed )  i n  a l l  
cases, resuspension of t a i l i n g s  dust does not occur. Consequently, only 
one radioactive material ,  radon gas ("'Rn), i s  re leased as an airborne 
e f f luent .  
1,620 years and, thus, 222Rn will be released f o r  thousands of years. 
The amount of radon released i s  decreased by placing a d i f fus ion  ba r r i e r  
over t h e  t a i l i ngs .  
The re lease  of these 
The "'Rn i s  t h e  daughter of "'Ra which has a h a l f - l i f e  of 
The annual cost  of t he  ear th  and/or asphalt  cover which i s  applied 
t o  reduce the  maximum annual individual  dose t o  t h e  lung ( the  only organ 
which receives a s ign i f icant  dose from "'Rn) i s  shown i n  Table 4.18 and 
Fig. 8.6 f o r  model m i l l s  i n  New Mexico and Fig. 8.7 f o r  model m i l l s  i n  
Wyoming. The annual costs  include the  costs  f o r  t he  f i n a l  cover and the  
incorporation of t a i l i n g s  i n  cement or asphalt .  The construction o f  the 
t a i l i n g s  basin, the asphalt  membrane l i n e r ,  and the  dam are  not included 
s ince t h e i r  purpose i s  t o  impound l i q u i d  waste (Table 4.18). 
dose decreases exponentially with the  increase i n  annual cost  of the ear th  
cover. 
4b with an increase i n  annual cost of $22,000 a t  t h e  New Mexico s i t e .  
This i s  equivalent t o  an incremental cost-benefit  r a t i o  of about $224/mrem 
reduction i n  lung dose. Comparison of Cases 4a and 4b shows tha t  a 
5/16-in. asphalt membrane with 2 f t  of ear th  cover i s  equal i n  cost  and 
reduction i n  dose t o  20 f t  of ear th .  
thickness t o  1 i n .  i n  Case 7 reduces the  dose an addi t ional  th ree  orders 
of magnitude t o  l e s s  than 0.01 mrem at  an addi t ional  annual cost  of 
$43,000. 
cost-benefit  r a t i o  of $21,00O/mrem reduction i n  lung dose. 
mrem lung dose achieved i n  Case 7 i s  well  below the  dose from na tu ra l  radon 
The lung 
A dose of  100 mrem i n  Case 1 i s  reduced t o  2 m r e m  f o r  Case 4a and 
Increasing the  asphalt  membrane 
A comparison of Cases 4a and 4b with Case 7 shows an incremental 
The 2 x 
i n  areas of t h e  country not involved i n  uranium mining (Sect. 4.4.3.2, 
Table 4.22). 
of the  unstabi l ized t a i l i n g s  p i l e  with t h e  very l imited da ta  avai lable  
on nat ive s o i l s  indicates  t ha t  t he  release from the  t a i l i n g s  p i l e  must 
be reduced 500-fold t o  be comparable t o  nat ive s o i l .  
corresponds t o  a lung dose of about lmrem and occurs between Cases 4 
and 7 i n  Figs. 8.6 and 8.7. 
p i l e s  a re  higher for t he  ac id  leach--solvent extract ion m i l l  i n  Wyoming 
because of  t he  l a rge r  t a i l i n g s  area, i . e . ,  174 acres i n  Wyoming vs 116 
acres i n  New Mexico (plus t h e  t a i l i n g s  i n  the  face of the dam i n  Cases 
1 and 2 ) .  The lung doses for Case 5, i n  which a l l  of t he  t a i l i n g s  a re  
incorporated i n  cement and then covered with 20 f t  of earth,  are  about 
1/30 of t he  dose for Case 4a i n  which untreated t a i l i n g s  are covered with 
20 f t  of earth.  This decrease i n  lung dose by a f ac to r  of 30 i s  achieved 
at an increase i n  annual cost  by a f ac to r  of 60, i . e . ,  t he  annual cost  i s  
about $1,700,000 i n  Case 5 compared with $27,000 for Case 4a at t he  New 
Mexico s i t e .  Incorporation of t h e  slimes i n  e i the r  cement (Case 6a) o r  
asphalt  (Case 6b) i s  l e s s  e f fec t ive  than incorporation of a l l  of t h e  
t a i l i n g s  i n  cement (Case 5) f o r  reducing the  lung dose and the  annual cost  
of incorporation i n  asphalt  (Case 6b) i s  higher, i . e . ,  $6,300,000. 
major f r ac t ion  of t he  cost  f o r  incorporation of t he  t a i l i n g s  i n  cement or 
asphalt  should not be assessed t o  the  reduction i n  radon emission and 
lung dose, since t h e  pr inc ipa l  objective i n  incorporating t a i l i n g s  i n  
cement or asphalt  i s  t o  immobilize t h e  t a i l i n g s  and t o  reduce t h e  leach 
r a t e  of radioactive mater ia ls  from the  t a i l i n g s  i n  case la rge  amounts of 
water should unexpectedly contact the t a i l i n g s  (Sect. 8.7).  
Comparison of the  r a t e  of re lease of radon a t  t h e  surface 
This reduction 
The doses and costs  of cover f o r  t a i l i n g s  
The 
8.6 Release of Soluble Radioactive Materials 
i n  Seepage Water 
Liquid wastes from t h e  model m i l l s  are evaporated i n  ponds of suf- 
f i c i e n t  area f o r  na tura l  evaporation, o r  as i n  Case 6, i n  metal evaporators, 
The residue from evaporation remains with the  s o l i d  t a i l i n g s  from t h e  m i l l .  
During operation of the  m i l l  and u n t i l  t he  t a i l i n g s  p i l e  becomes dry, 
seepage of l i qu id  containing radioactive mater ia l  from t h e  pond t o  the  
s o i l  under the  t a i l i n g s  p i l e  occurs. The loss  of soluble mater ia l  i s  
1% i n  Cases 1 and 2, 2% i n  Case 3, 0.1% i n  Cases 4, 5, and 7, and none 
i n  Cases 6a and 6b. 
process and i s  dependent on the  propert ies  of the  s o i l ,  such as permeability 
and ion exchange capacity. 
the  underground movement of seepage water and the  dissolved radioactive 
mater ia ls  i s  not avai lable  and, consequently, the  dose t o  the  surrounding 
population i s  not estimated. 
underground h o r i z o n t d  movement of radioactive mater ia ls  has occurred 
from t a i l i n g s  areas s i t e d  by current standards. 
d ic ted  i n  a sample calculat ion where the  model t a i l i n g s  pond was s i t e d  on 
homogeneous s o i l  with the  propert ies  of porous sand (Sect.  7 .6) .  
The migration of soluble s a l t s  i n  soils i s  a complex 
The de ta i l ed  information required t o  estimate 
Available data  indicate  t h a t  no detectable 
L i t t l e  movement i s  pre- 
The eff ic iency of the  treatment methods i n  preventing the  release of 
radioact ive mater ia ls  i n  seepage water i s  used as a parameter f o r  comparison 
with annual costs ,  s ince these releases  represent po ten t i a l  doses t o  the  
population surrounding a m i l l .  For example, an impact on the  population 
could occur if the  ea r th  under the  t a i l i n g s  areas contains (or should 
develop at a l a t e r  time) geologic f a u l t s  or other  formations, such as  a 
f i s su re ,  which would permit the  rapid movement of water and radioactive 
mater ia ls  beyond the  boundary of t he  m i l l .  
The annual cost f o r  treatments t o  reduce the amount of radioactive 
mater ia ls  released from t h e  t a i l i n g s  pond i n  seepage water a re  presented 
i n  Figs. 8.8 and 8.9 and Table 4.15. 
physical and chemical treatment of the wastes, t h e  asphalt  membrane l i n e r  
f o r  t he  t a i l i n g s  area, and the  construction of t he  t a i l i n g s  basin and dam. 
The costs  f o r  the  ear th  cover t o  s t a b i l i z e  the t a i l i n g s  and f o r  incorporation 
i n  cement or asphalt  a re  excluded because t h e i r  p r inc ipa l  purpose i s  t o  
minimize the  release of airborne radioact ive mater ia ls  and t o  decrease the  
long-term leach r a t e  of the  t a i l i n g s .  ~adim-226 i s  used as an example i n  
characterizing releases  i n  seepage, s ince it i s  t he  most hazardous material .  
I n  the acid leach--solvent extract ion m i l l ,  t he  annual l o s s  of "'Ra i s  
reduced from 5 x C i  f o r  Cases 1 and 2 at an annual cost  of $92,000 
t o  5 x IO-* C i  f o r  Case 4 a t  an annual cost  of $1,500,000. 
These costs  include t h e  costs  for 
I n  Case 6, 
t h e  waste l i q u i d  i s  evaporated i n  metal evaporators and the  condensate i s  
recycled t o  the  m i l l  thereby reducing the loss  t o  the  s o i l  t o  zero a t  an 
annual cost  of $2,600,000. 
a lkal ine leach mill waste l iqu ids  a re  obtained a t  s l i g h t l y  lower annual 
costs .  
S imi l a r  t rends i n  reduction of losses  from 
Although the  benefi ts  from t h e  more expensive treatments appear 
small f o r  t he  semiarid s i t e s  of t he  model m i l l s ,  t h e  need and benefi ts  
would be much grea te r  a t  s i t e s  where some of t he  environmental charac te r i s t ics  
are  d i f fe ren t ,  such as r a i n f a l l  i s  high, s o i l  has poor ion exchange prop- 
e r t i e s ,  t h e  water t ab le  i s  near the  surface, or t he  ear th  under the  t a i l i n g s  
p i l e  contains geologic f a u l t s  or f i s su res .  I n  pract ice ,  however, these 
environmental fac tors  would be evaluated i n  s i t e  se lec t ion  so t h a t  po ten t i a l  
hazards w i l l  be minimized. 
8.7 Leach Rate of Radioactive Materials from Tailings 
Although the  tailings from the  model m i l l s  are carefu l ly  placed above 
t h e  ground water t a b l e  and protected from surface streams, leachabi l i ty  
of radionuclides, pa r t i cu la r ly  '"Ra, i s  important i f  t he  t a i l i n g s  a re  t o  
be used as b a c k f i l l  i n  mines (most mines are  wet) or i f  t he  t a i l i n g s  d is -  
posal  s i t e  i s  near t h e  water tab le .  I n  addition, t he  meteorologic conditions 
may change over a long period of time such t h a t  water might contact the  
t a i l i n g s .  Doses t o  the  population cannot be calculated as a r e s u l t  of 
leaching and, consequently, t he  po ten t i a l  leach r a t e  of "'Ra i s  cor re la ted  
with the  treatment cos ts  f o r  reducing the  leach r a t e .  The annual costs  f o r  
reducing the leach r a t e  of "'Ra from t a i l i n g s  a re  presented i n  Table 4.16 
and Figs. 8.10 and 8.11. 
of t h e  t a i l i n g s  i n  asphalt  or cement i n  Cases 5 and 6 and f o r  providing 
asphalt  membranes i n  Cases 4, 5, and 7. 
These costs  include the  costs  f o r  incorporation 
The poten t ia l ,  annual leach r a t e  of 226Ra from the  t a i l i n g s  from the  
acid leach--solvent extract ion m i l l  i s  reduced from 2.6 x lo2 C i  i n  
Cases 1, 2, and 3, where the  t a i l i n g s  are  not t r e a t e d t o  reduce the  leach 
r a t e ,  t o  3.1 x lo-* C i  i n  Case 4b where the  t a i l i n g s  a re  completely encased 
i n  a 5/16-in.-thick asphalt  membrane. 
membrane i s  $254,000 i n  New Mexico. 
i n  Case 5 reduces t h e  annual leach r a t e  t o  2 . 1  C i  f o r  an annual cost  of 
The annual cost  f o r  t he  asphalt 
Incorporating the t a i l i n g s  i n  cement 
$1,919,000. 
i n  the  t a i l i n g s  i n  asphalt reduces.the annual leach r a t e  t o  76 curies  a t  
an annual cost  of $6,338,000 (Case 6b) .  The t o t a l  leach r a t e  i n  Case 6b 
i s  higher than i n  Case 5 because the  sands a re  not encased i n  asphalt  
i n  Case 6b and the sands a re  assumed t o  have the  same leach r a t e  for 
'"Ra as the  slimes. Removing 9% of the radionuclides by strong acid 
leaching and incorporation of the concentrated waste i n  asphalt  yields  
an annual leach r a t e  of 0.012 cur ie  
(Case 6c ) .  
show higher leach r a t e s  and higher costs  than treatment by encasement i n  an 
asphalt  membrane, they probably are  more conservative i n  t h a t  they would not 
be subject t o  a sudden change i n  leach r a t e  which would occur i f  the asphalt 
membrane were ruptured. The same trends apply t o  t h e  leach r a t e s  f o r  
t a i l i n g s  from the model alkaline-leach m i l l .  However, at alkaline-leach 
mi l l s ,  the  costs  are  s l i g h t l y  higher for treatment of the slime f r ac t ion  
because of t he  higher proportion of slimes i n  alkaline-leach t a i l i n g s .  
Encasing the  slime f rac t ion ,  which contains 7% of the  226Ra 
of 2 2 6 R a  at an annual cost  of $7,863,000 
Although the  treatments using incorporation i n  cement or asphalt 
The protect ion of the  s o l i d  t a i l i n g s  against  po ten t i a l  leaching by 
water by incorporation with cement,or asphalt ,  or by encasement i n  an 
asphalt  membrane, probably should be considered as a conservative, a l t e r -  
nat ive treatment f o r  the semiarid s i t e s  of the  model m i l l s .  A t  other 
s i t e s ,  where high rainfall,  high water tab les ,  or geologic f a u l t s  under 
the  t a i l i n g s  area may occur, such treatments become much more benef ic ia l  
and necessary. 
8.8 Contribution of the  Cost of Radwaste Treatment 
t o  Yellow Cake and Tota l  Nuclear Power Costs 
The c a p i t a l  cost  of the  model uranium m i l l  i s  estimated a t  $l3,OOO,OOO. 
The c a p i t a l  cos ts  of radwaste treatment added t o  the  model m i l l  range from 
$357,000 f o r  Case 1 t o  $10,577,000 f o r  Case 7 (Tables 6.1 and 6.2).  
spec ia l  case where t h e  conventional sulfuric acid leach i s  replaced with a 
n i t r i c  acid leach, the  net  increase i n  c a p i t a l  cost  i s  $29,959,000. For 
current prac t ice  (Case l), the  maximum annual cost  of radwaste treatment 
i s  $180,000 which i s  equivalent t o  $O.O7/lb of U308 and 0.003 mills/kWhr. 
The annual costs  increase from this base case t o  a maximum of $9,900,000 
I n  the  
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for Case 6b for t h e  alkaline-leach m i l l  which i s  equivalent t o  $3.65/1b 
Us08 and 0.173 mills/kWhr. This highest cost  i s  l e s s  than 3% of an 
estimated t o t a l  power generation cost  of 7 t o  10 mills/kWhr. 
The maximum radwaste treatment cost  which does not involve the  use 
of expensive HEPA f i l t e r s ,  charcoal delay t rap ,  and incorporation of 
t a i l i n g s  i n  cement or asphalt  i s  $1,778,000. 
$0.66/lb U308 and 0.032 mills/kWhr. 
the  t o t a l  cost  of nuclear power. 
reverse j e t ,  bag f i l t e r s  and high-energy ventur i  scrubbers on the  airborne 
eff luents  from the  m i l l  (Case 4), neut ra l iza t ion  or copperas treatment of 
l iquids ,  an asphalt-l ined t a i l i n g s  basin with a c lay  core dam, and a 1-in.  
asphalt  membrane topped by 2 f t  of ear th  s t ab i l i zed  with 6 in .  of crushed 
rock (Case 7) .  
dusts and Case 7 treatment of l i qu id  and so l id  wastes reduces the maximum 
individual  t o t a l  body dose and most organ doses t o  l e s s  than 1 mrem/yr 
(10% food ingest ion) ,  t he  maximum bone dose t o  l e s s  than 7 mrem/yr, and 
the  long-term radon lung dose t o  l e s s  than 0.002 mrem/yr. It reduces loss 
by seepage t o  0.1% and provides some protect ion against  fu ture  leaching of 
radioactive mater ia ls  from the  t a i l i n g s  by complete encasement i n  an 
asphalt  membrane. 
area can be reduced only by the use of expensive addi t ional  treatments. 
This i s  equivalent t o  
It contributes l e s s  than 0.4% t o  
This cost  w i l l  cover high-efficiency, 
This combination of Case 4 treatment f o r  airborne m i l l  
The radon dose from the  act ive m i l l  and act ive t a i l i n g s  
u 7  
9.0 OVERVIEW OF URANIUM MILLING 
Present pract ices  i n  t h e  uranium mil l ing industry, with pa r t i cu la r  
emphasis on eff luent  control  and waste management, have been surveyed. 
A questionnaire was d i s t r ibu ted  t o  a l l  act ive uranium m i l l s  i n  the  United 
S ta tes .  
t he  m i l l  operators.  The study team v i s i t e d  s i x  operating uranium mi l l s  
representing the  d i f fe ren t  flowsheets i n  use today and the  newest, most 
modern m i l l  designs. Three s t zb i l i zed  t a i l i n g s  p i l e s  were inspected, 
and discussions were held with members of t he  Region I V  Office of AEC 
Regulatory Operations and the  Grand Junction Office of t h e  AEC. 
Science Abstracts through Apri l1973,  as wel l  as other sources, were 
searched f o r  l i t e r a t u r e  per t inent  t o  uranium m i l l  processes and waste 
management. 
There has been r e l a t ive ly  l i t t l e  recent work i n  t h i s  f i e l d ,  and l i t e r a t u r e  
references are  generally t en  or more years old.  
which were corrected long ago have been included both t o  make t h e  survey 
complete and t o  emphasize t h e  need f o r  continued care i n  these areas. 
Replies t o  t h i s  questionnaire were received from about 75% of  
Nuclear 
Over 200 publications have been abstracted and catalogued. 
Some h i s t o r i c a l  problems 
9.1 The Uranium Milling Industry 
I n  t h e  spring of 1973 there  were 15  uranium m i l l s  operating i n  the  
United S ta tes  with a combined processing r a t e  of 22,500 tons of ore  per  
day. 
asked t o  be omitted from the  survey. A second m i l l  w a s  inact ive except 
for a small program involving treatment of mine water by ion exchange. 
Two mills a re  on standby (Table 9.1).* No new mills are  under construction 
i n  t h e  United States at present.  
condition, with some m i l l s  operating at l e s s  than f u l l  capacity - f o r  
example, 10 days out of 14. 
processed was  17,500. 
5,000 tons/day, with t h e  majority (12 m i l l s )  i n  t h e  range between 900 
Qhe Union Carbide m i l l  at Rif le ,  Colorado, and the  Susquehanna-Western 
One m i l l ,  which expected t o  close f o r  major process modifications, 
The industry i s  current ly  i n  a depressed 
During 1972 t h e  average da i ly  tonnage of ore  
4 The 15 ac t ive  m i l l s  vary i n  s i ze  from 350 t o  
1 
m i l l  a t  Edgemont, South Dakota,2 a re  on standby. 
m i l l  at Fa l l s  City, Texas, w a s  closed permanently i n  ear ly  1971.3 
The Susquehanna-Western 
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and 2,000 tons/day. 
quant i t ies  of ore i n  order t o  maintain a prof i tab le  yellow cake* production 
r a t e .  
As t h e  grade of ore drops, m i l l s  must process la rger  
The act ive mi l l s  a re  located i n  s i x  western s t a t e s .  There are  three  
i n  New Mexico (8,800 tons/day), seven i n  Wyoming (8,950 tons/day), two i n  
Texas (3,000 tons/day), two i n  f u l l  operation (1,450 tons/day) and two i n  
p a r t i a l  operation i n  western Colorado and eastern Utah, and one i n  Washington 
(350 tons/day) . 
$8.00/lb reserves estimated a t  49,064,315 and 55,547,228 tons of ore 
respectively.  
fourth with 5,637,034 tons.5 
Future producing areas a re  i n  New Mexico and Wyoming, with 
Texas i s  t h i r d  with 10,668,742 tons and Colorado-Utah 
All other areas combined have reserves of 
5 7,393,229 tons* 
Some uranium m i l l s  began operations i n  the  l a t e  1950’s and have ad- 
equate reserves t o  continue mil l ing f o r  many years, but other  mi l l s  were 
abandoned a f t e r  10 or 1 5  years. An indus t r i a l  consultant estimates the  
average l i f e  of a m i l l  t o  be about 20 years.3 
inac t ive  uranium m i l l  s i t e s  i n  the  United S ta tes .  
expect t o  s top mil l ing when t h e i r  ore reserves a re  exhausted i n  10 and 1 2  
years, respectively.  
There a re  22 abandoned or 
Rio Algom and Exxon 
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9.2 M i l l  Processes 
The process of uranium extract ion var ies  among t h e  m i l l s ,  due p a r t l y  
t o  differences i n  t h e  chemical composition of t h e  ore.8 
a l l  m i l l s  a re  crushing, grinding, chemical leaching (wherein the  uranium 
i s  dissolved from the  ground o re ) ,  and recovery of t he  uranium from the 
leach solutions.  The m i l l  processes f a l l  i n to  three  general  types: acid 
circuit--solvent extract ion (10,100 tons/day), acid circui t - - ion exchange 
(9,100 tons/day), and alkal ine c i r c u i t  (3,350 tons/day) (Table 9.1). 
Steps basic t o  
” Acid Ci rcu i t  Mills. - I n  acid c i r c u i t  m i l l s ,  ore  i s  ground t o  sand 
s i ze  (-28 mesh) and leached with su l fu r i c  acid.  An oxidant such as 
The term yellow cake i s  used loosely i n  t h i s  report  t o  mean the  uranium 
concentrate product, although s t r i c t l y  speaking it re fe r s  only t o  the  
product formed by prec ip i ta t ion  with sodium hydroxide. 
* 
8 ’  
sodium chlorate  or manganese dioxide must be added. Otherwise, conditions 
a re  r e l a t ive ly  mild, i. e., temperatures between 80 and 140°F and a pH of 
0.5 t o  2.0. 
(-180°F) and more-concentrated acid (pH, 0.15 t o  0.5).* 
covered and separated from impurit ies i n  t h e  su l fu r i c  acid leach solut ion 
e i t h e r  by solvent extract ion with an amine or  by an ion exchange res in .  
A pu r i f i ed  and concentrated uranium solut ion i s  then s t r ipped from the  
organic solvent o r  e luted from t h e  ion exchange r e s in  by a var ie ty  of 
reagents (Table 9.1). Uranium i s  f i n a l l y  prec ip i ta ted  (usual ly  with 
ammonia as the  diuranate),  d r ied  (usual ly  at -3OO"F), although occasionally 
it i s  calcined a t  750 t o  950°F), and packaged. 
Mills processing vanadium ores  use higher leaching temperatures 
Uranium i s  re- 
There a re  almost as many var ia t ions i n  acid m i l l  processes as there  
a re  acid mi l l s  (Table 9.1). I n  a l imited survey, it i s  not possible t o  
consider i n  depth a l l  possible  var ia t ions,  even though some of these d i f -  
ferences can a f fec t  t he  volume and chemical composition of t h e  l i qu id  wastes 
and, donsequently, t h e  cost  of waste treatment and the  environmental impact. 
However, the  select ion of a model acid c i r c u i t  plant ,  which uses amine 
solvent extract ion with countercurrent decantation (CCD) i n  thickeners f o r  
t h e  sol id- l iquid separation a f t e r  leaching, and an ammonium su l f a t e  s t r i p ,  
serves t h e  purpose of t h i s  survey (Sect. 9 .2) .  The use of t h i s  type of 
plant  appears t o  be the  t rend .of  t h e  fu ture ,  as four out of f i v e  new acid 
c i r c u i t  m i l l s  constructed i n  the  western world i n  the  l a s t  f i v e  years a re  
of t h i s  type.3 
solvent extract ion and ion exchange p lan ts  : 
Many items af fec t ing  t h e  radwaste a re  the  same f o r  both 
1. The ore  crushing, grinding, and leaching system. 
2.  The volume and composition of airborne eff luents .  
3. The volume and composition of so l id  wastes. 
4. The t o t a l  amount of radionuclides leached from the  ore,  and 
t h e  t o t a l  amount i n  t h e  l i qu id  eff luents .  
5. The methods used f o r  treatment and disposal  of gaseous, l iquid,  
and so l id  wastes. 
~~ -~ ~~ 
*The s a l t  roast  process i s  not used today f o r  vanadium recovery a t  
uranium m i l l s .  
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Alkaline Ci rcu i t  M i l l s .  -Alkal ine c i r c u i t  mi l l s  must grind the  ore  
much f i n e r  (25 t o  8% -200 mesh) than acid c i r c u i t  m i l l s .  The ground ore  
i s  leached with a sodium carbonate--sodium bicarbonate solut ion at *250°F 
and 50-psi pressure using a i r  or an oxygen-air mixture as an oxidant. 
carbonate leach i s  more se lec t ive  than the  acid leach so t h a t  it i s  not 
necessary t o  pur i fy  the  alkal ine leach solutions.  
d i r ec t ly  with sodium hydroxide, and the  l i qu id  recarbonated with carbon 
dioxide (from f lue  gas)  and recycled t o  the process. 
a r e  expensive, a lkal ine c i r c u i t  m i l l s  have always pract iced solut ion re -  
cycle within t h e  plant ,  with only a small bleed stream being routed t o  
waste. I n  recent years some alkal ine c i r c u i t  m i l l s  have had t o  pur i fy  
t h e i r  yellow cake product by dissolving it i n  su l fur ic  acid and reprecip- 
i t a t i n g  with hydrogen peroxide o r  ammonia i n  order t o  meet t h e  specif icat ions 
w i t h  regard t o  sodium concentration i n  the product. 
The 
Uranium i s  precipi ta ted 
Because t h e  chemicals 
A model a lkal ine c i r c u i t  plant i s  selected f o r  use i n  t h i s  survey 
since alkal ine m i l l s  represent a s ign i f icant  f r ac t ion  of the  t o t a l  industry 
(3,350 tons/day) and the  wastes d i f f e r  both i n  chemical composition and i n  
t h e  d i s t r ibu t ion  of radioisotopes from the  acid c i r c u i t  wastes (Sects. 9.3, 
9.5, and 4.4). 
leached with acid. The model a lkal ine plant  uses t h e  same process as t ha t  
used by three  of t he  ex is t ing  alkal ine p lan ts  (Table 9.1). 
a lkal ine plant ,  t he  Atlas m i l l  a t  Moab, U t a h ,  i s  expected t o  convert t o  the  
3 conventional a lkal ine f lowsheet i n  t h e  near future .  
Alkaline leaching i s  used on ores  which cannot be readi ly  
The four th  
9.3 Radioactive Materials 
9.3.1 Source and Relative Hazard of Radioactive Materials 
The function of uranium m i l l s  i s  t o  extract  uranium i n  concentrated 
form from natural ly  occurring ore  deposits which generally contain 3 t o  6 
pounds of Us08 per ton of ore  (0.15 t o  0.3% u308). The average grade of 
ore  processed during the  period 1967 through 1972 was 0.20 t o  0.21% U308. 9 
The radioactive mater ia l  comprising uranium waste has been natural ly  pre- 
sent i n  t h e  c rus t  of t h e  ear th  f o r  thousands of years.  It does not come 
from a r t i f i c i a l  ac t s  of  man. The mil l ing process has no e f f ec t  on the  
t o t a l  amount of radioact ivi ty;  i . e . ,  t he  t o t a l  amount of radioactive 
mater ia ls  leaving the  plant  i n  the  uranium product and i n  various waste 
e f f luents  i s  t h e  same as the  amount entering i n  t h e  ore. There i s  no 
danger of c r i t i c a l i t y  accidents. 
halat ion and ingestion of radioactive materials.  
i s  not necessary. Direct maintenance of equipment i s  standard pract ice .  
The uranium i s  present as uranium-238 and uranium-235, both of which are  
na tura l ly  occurring parents of long chains of radioactive daughters. 
na tura l  uranium contains 99.2w0 uranium-238, it i s  the  uranium-238 decay 
chain t h a t  i s  of primary concern. 
has a h a l f - l i f e  of 4.5 b i l l i o n  years, decays by alpha emission t o  thorium- 
234, which has a h a l f - l i f e  of 24.1 days and, i n  turn,  decays by be ta  
emission t o  protactinium-234. 
lead-206 i s  reached (Fig. 9.1). 
i . e . ,  t he  daughter products a re  being formed a t  t he  same r a t e  as they a re  
decaying (Table 9.2). 
515 (1Ci  of a c t i v i t y  from each member of t he  decay chain, with a t o t a l  
combined alpha and be ta  rad ioac t iv i ty  l e v e l  of about 7,200 pCi. 
85% of the  t o t a l  a c t i v i t y  ends up i n  t h e  m i l l  waste, and about 15% i s  
i n  t h e  uranium product.u With no parent remaining, the  thorium-234 and 
protactinium-234 decay out of t h e  m i l l  wastes so t h a t ,  a f t e r  a year, t h e  
wastes contain about 7fl0 of t h e  a c t i v i t y  or ig ina l ly  present i n  t h e  ore.  
T h e  uranium ore processing industry i s  thus characterized by tremendous 
tonnages of so l id  wastes containing r e l a t i v e l y  low l eve l s  of rad ioac t iv i ty .  
The pr inc ipa l  in-plant hazards a re  in-  
Shielding from radiat ion 
* 
Since 
The parent element, uranium-238, which 
The decay chain continues u n t i l  s tab le  
Most ores  a re  i n  secular equilibrium; 
One ton of ore  containing 4 l b  of U308 has about 
About 
The concern with the  wastes from t h e  mil l ing industry stems from the  
la rge  amounts of these wastes, t he  poten t ia l ly  hazardous nature of t he  
long-lived radium426 and other  associated radioactive materials should 
they become d is t r ibu ted  i n  the  environment, and t h e  a b i l i t y  of radon gas 
t o  d i f fuse  in to  s t ruc tures  where t h e  daughters p l a t e  out on room surfaces. 
From 1948 through 1972, t h e  uranium mil l ing industry processed 103,078,023 
tons of ore  containing 243,715 tons of U3Oe .= This represents an accu- 
mulation of over 100 mi l l ion  tons of so l id  waste ( t a i l i n g s )  containing 
One exception i s  t h e  Dawn m i l l ,  which u t i l i z e s  shielded ion exchange 
columns. I n  the  process used at this  m i l l ,  radium concentrated i n  the  
columns and rad ia t ion  leve ls  exceeded 5 mR. 
* 
10 
about 62,000 C i  of radium-226, plus nearly t e n  times t h i s  amount of 
rad ioac t iv i ty  from other members of t he  decay chain. The m a x i m u m  per- 
missible concentration i n  drinking water ( M E w )  f o r  soluble ~ d i u m - 2 2 6  
i s  about 100 times lower than fo r  soluble plutonium-239 (Table 9.3). 13 
This i s  because approximately 3% of t h e  radium passes from the  alimentary 
canal t o  the  blood and thence t o  the  bones, vs only about 1/30,000 of 
t h e  plutonium.14 Other hazardous daughters i n  the  decay chain with MPC 
values comparable t o  plutonium-239 or strontium-90 are  thorium-230, 
polonium-218, polonium-214, lead-210, and polonium-210 (Table 9.3). 
Thorium-230 has a h a l f - l i f e  of 8.3 x lo4 years and, since it i s  near the  
top of t he  decay chain, it will produce radium-226 and a l l  t he  other 
daughters below it i n  the  decay chain. 
radium-226 i s  a gas which diffuses out of the waste p i l e s  and then decays 
t o  hazardous nonvolati le daughters. When uranium m i l l  t a i l i n g s  were used 
for construction a t  Grand Junction, it was the  diffusion of t h e  radon i n t o  
t h e  buildings t h a t  caused most of t he  rad ia t ion  exposure, 15 
The radon-222 from t h e  decay of 
9.3.2 Distr ibut ion of Radioactive Materials i n  t h e  Milling Process 
The mil l ing process causes some red is t r ibu t ion  of radioactive materials 
i n  addi t ion t o  recovering t h e  uranium. About 5% of the  thorium 16 and 
0.4 t o  6.7% of t h e  radium l6'I7 are dissolved i n  acid-leaching c i r cu i t s .  
Most of t h i s  i s  re jec ted  t o  the  l i q u i d  waste by the pur i f ica t ion  process 
so tha t  t h e  f i n a l  yellow cake product contains O.% ( ion  exchange) t o  
0.02 t o  0.22% of the  radium. l6'l7 It should be noted t h a t  these surveys 
were made on R I P  ion exchange, fixed-bed ion exchange, and the  now ob- 
so le te  a lkyl  phosphoric acid solvent extract ion processes. 
not been made on t h e  amine solvent extract ion process used f o r  t h e  "model" 
flowsheet. The leaching behavior w i l l  be the  same, and presumably the 
extract ion behavior i s  not markedly d i f fe ren t  or the  e f f ec t  would have 
been observed i n  the  yellow cake. The amount of thorium i n  t h e  yellow 
cake may be lower than 5% with amine solvent extract ion since the  amine 
*RIP: resin-in-pulp. 
5.3% (solvent extract ion with a lky l  phosphoric ac id)  of t h e  thorium 16 and 
Surveys have 
ds 
i l  
probably ex t rac ts  l e s s  thorium than the  a lkyl  phosphoric acid. Thorium 
i s  v i r t u a l l y  insoluble i n  the  alkal ine c i r c u i t ,  but 1 . 5  t o  2.2% of t he  
radium dissolves and i s  prec ip i ta ted  with the  uranium product. 16,17 
Radioactive nuclides other  than uranium, radium, and thorium are  apparently 
r e j ec t ed  t o  t a i l i n g s  since rad ia t ion  measurements do not ind ica te  t h e i r  
presence i n  the yellow cake. 18 
9.3.3 Distr ibut ion of Radioactive Materials as a Function of Par t ic le  Size 
Uranium i s  not uniformly d i s t r ibu ted  throughout the  ore or the  t a i l i n g s .  
For example, a t  two mi l l s ,  the  -200 mesh f r ac t ion  of the leach feed, which 
was  20 t o  3% by weight of t he  ore,  contained 55 t o  6% of the  uranium 
(Table 9.4). 
of the  uranium not dissolved by the  mil l ing process. 
i n  one m i l l  showed t h a t  t he  uranium,  radium, and thorium concentrations 
increased with decreasing p a r t i c l e  s i ze  across the  p a r t i c l e  s i ze  range from 
119 p (approximately 115 mesh) t o  5 p (Table 9.5). 
emitt ing isotopes concentrate i n  the slimes t a i l i n g s ,  with 70 t o  90% 
appearing i n  the  -200 mesh f rac t ions  which usually comprise 20 t o  3% of 
the weight of acid-leached t a i l i n g s  and about half  the weight of a lkal ine-  
leached t a i l i n g s  (Tables 9.6, 9.7, and 9.8) .  
products i n  the  decay chain a l so  concentrate i n  the  f ines .  
slimes t a i l i n g s  are  considerably more hazardous than the  sands. I n  addi- 
t i on ,  when the  m i l l  ceases operations and the p i l e  d r i e s  out,  t he  dissolved 
radioactive mater ia ls  i n  t h e  pond water w i l l  c r y s t a l l i z e  and become pa r t  of 
the slime f rac t ion .  
After leaching, the  -200 mesh f r ac t ion  contained about 45% 
Analysis of t he  dust 
Radium and gamma- 
Presumably the  other daughter 
Thus, t he  
9.4 Airborne Radioactive Dusts from M i l l  Processes 
Numerous opportunities a r i s e  f o r  t h e  formation of airborne radioactive 
dusts i n  the  mil l ing processes - ore crushing, screening, t ransfer r ing ,  
e t c . ,  and the  yellow cake drying and packaging. Dust-producing a c t i v i t i e s  
a re  e s sen t i a l ly  t h e  same i n  a l l . m i l l s  and a re  unrelated t o  the  chemical 
flowsheet. The intermediate mil l ing s teps  of grinding, leaching, and 
uraniwn pur i f ica t ion  a re  wet steps.  With good housekeeping and cleanup 
of s p i l l s ,  no dust should be generated i n  these operations.  
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9.4.1 Sources and Treatment of Ore Dusts 
Ore i s  delivered t o  t h e  m i l l s  by t ruck or r a i l *  and dumped in to  
s m a l l  p i l e s .  Soon a f t e r  it i s  received, a front-end loader moves it t o  
t h e  g r i zz ly  feed f o r  t he  crusher. 
t he  m i l l  receiving yard unless t h e  mine i s  some distance away. The 
desired mill feed i s  obtained by adjusting the  shipments from the  mine 
and blending from the  f i n e  ore  bins.  The ore i s  generally moist so t h a t  
only a s m a l l  amount of dust i s  generated i n  t h e  ore  receiving yard. 
m i l l s  dump ore i n t o  three-sided concrete bins,  which provide some protect ion 
against  wind erosion i n  addition t o  t h e i r  primary function of separating 
the  ore  p i l e s .  The t rend of t he  future  i s  toward deeper mines, i . e . ,  wetter 
ores. Even i n  Colorado, which h i s t o r i c a l l y  i s  known f o r  i t s  dry underground 
mines, new mines are  wet, and the  industry expects t o  be mining mostly wet 
ores i n  the  near future .  
Ore i s  not ord inar i ly  stockpiled i n  
Some 
19 
Once t h e  ore  passes the  gr izz ly  feed t o  the  crusher, dust-producing 
a c t i v i t i e s  a re  enclosed i n  buildings.  Unt i l  t h e  l a t e  1950's, there  was 
l i t t l e  or no vent i la t ion  of ore-handling operations, which, i n  turn,  meant 
t h a t  the  ore  dusts were contained inside t h e  buildings.  
i n s t a l l e d  i n  t h e  l a t e  1950"s when surveys showed t h a t  some workers were 
being overexposed t o  s i l i c a  dust.20 (Note t h a t  it i s  the  s i l i c a  and not 
t h e  uranium which was judged t o  be the  primary hazard from ore dusts.20) 
Dust cont ro l  pract ices  i n  the  industry today are  summarized i n  Table 9.9. 
The amount of vent i la t ion  var ies  from none t o  37,000 cfm normalized t o  
a standard crushing r a t e  of 100 tons/hr.  There i s  considerable var ia t ion  
i n  the  nature of t h e  ores and the  design of the  dust control  systems so 
t h a t  t h e  a i r  flow alone cannot be regarded as a measure of how clean t h e  
m i l l  a i r  i s .  
ores  which c rea te  l i t t l e  dust. M i l l  D has a t i g h t  system around the  
crusher and screens, and a l l  conveyor t r ans fe r  points  a re  completely 
hooded. M i l l  D processes a r e l a t i v e l y  moist ore  and i s  able t o  maintain 
good i n t e r n a l  dust control  with only 2800 cfm of vent i la t ion  air .  Other 
m i l l s  use high a i r  flows e i the r  because they handle dusty ores (limestone 
Vent i la t ion was 
M i l l s  with no ven t i l a t ion  process ("muck" through) very wet 
* Anaconda hauls ore  by rai l road.  
. I  
being the  worst) or because t h e  col lect ing system i s  l e s s  e f f i c i en t ,  as 
for example the  use of open screens and/or conveyor t r ans fe r  points.  
newest m i l l s  a re  conservatively designed with r e l a t ive ly  t i g h t  systems 
and high airflows. Records kept by both AEC and industry ind ica te  t h a t  
dust l eve l s  i n  the m i l l s  a r e  well  below the  M E  i n  terms of radioactive 
mater ia ls  f o r  a l l  of t h e  dust cont ro l  methods. The dust-laden a i r  i s  
generally passed through a wet scrubber or bag f i l t e r ,  which removes the  
bulk of t he  dust before t h e  a i r  i s  exhausted through a roof vent t o  t he  
environment (Table 9.9). I n  pract ice ,  there  w i l l  be a t  l e a s t  two ore 
dust co l lec tors ,  one on t h e  ore  bins which operates 24 hr  per day and 
from one t o  four fo r  t h e  crusher, screens, conveyors, e t c . ,  which operate 
f o r  one t o  two s h i f t s  per day. 
ra ther  than design elaborate duct systems with the  associated problems of 
balancing airflows. 
The 
* 
Many m i l l s  p re fer  t o  use several  scrubbers 
9.4.2 Sources and Treatment of Yellow Cake Dusts 
Airborne dusts a r e  a l so  released t o  the  environment from t h e  yellow 
cake a rea  of t h e  m i l l .  
m i l l  process which removes the  moisture and any ammonia from the  wet 
uranium prec ip i ta te .  
be vent i la ted  t o  protect  t h e  heal th  of t he  workers. 
yellow cake areas vary from a low of 170 cfm t o  a high of 1,140 cfm 
normalized t o  a standard U30e production r a t e  of 1,000 l b  per 24 h r  
(Table 9.10). 
250 cfm coming from the  dryer off-gas and the  remainder from packaging 
and room vent i la t ion.  Considerable var ia t ion  occurs i n  the  amount of 
dust-laden a i r  t h a t  leaks i n t o  t h e  room from t h e  equipment; i n  turn,  th i s  
leakage i s  re f lec ted  i n  the  amount of ven t i l a t ion  required. One m i l l ,  
f o r  example, b u i l t  a hood around t h e  dryer t o  cont ro l  t h e  leakage t h a t  
was experienced with t h e  i n i t i a l  u n i t .  
through a wet scrubber, and the  dust-laden a i r  from t h e  packaging room 
through e i the r  a wet scrubber o r  a bag f i l t e r ,  t o  recover at l e a s t  98% 
The dryer off-gas i s  an e s s e n t i a l  pa r t  of t he  
I n  addition, t h e  yellow cake handling rooms must 
Airflows from t h e  
The weighted average i s  about 620 cfm t o t a l ,  with 200 t o  
A l l  m i l l s  pass t he  dryer off-gas 
~~~ ~ * Raw data  on a i r  samples inside t h e  mi l l s  a re  available i n  t h e  m i l l  f i l e s  
but have not been tabulated.  
of t h e  yellow cake dust before the  a i r  i s  exhausted through a vent i n  
t h e  roof (Table 9.10). 
9.4.3 Dust Losses i n  Stack Effluents and Pa r t i c l e  Size of Dusts 
The mills do not rout inely take i sokine t ic  samples of s tack eff luents ,  
relying instead upon environmental monitoring f o r  compliance with the  
10  CFR 20 regulations.  I n  the  ear ly  1960k ,  some grab samples were taken 
(Table 9.11) which exceeded M E ,  indicat ing t h a t  d i lu t ion  i n  the  atmosphere 
w a s  necessary t o  comply with t h s  regulation. 
Table 9.11 are  now closed, and there  i s  no information avai lable  on the  
airflows o r  types of dust co l lec tors  which were used. 
operators have supplied estimates of t h e i r  current dust losses  based on 
metal lurgical  sampling programs or occasional grab samples of stack ef-  
f luents  (Tables 9.12 and 9.13). 
r e a l i s t i c  assessment of present-day pa r t i cu la t e  emissions than do the  
older s tack analyses. 
a t  one m i l l  which has a very e f f i c i en t  ventur i  scrubber and loses  on ly  
0.00% (Table 9.13). 
''dry" (6% moisture) ore  and a wet scrubber t o  7 x lo'-"% f o r  a "wet" (9 t o  
1% moisture) ore  w i t h  no scrubber (Table 9.12). The ore  dusts exhausted 
from t h e  s tack contain approximately 2 . 4  times as much uranium as t h e  m i l l  
feed (Table 9.12). 
a re  r i ch  i n  uranium, a re  t h e  major p a r t i c l e s  t o  pass through the  dust 
col lector .  
Most of t he  m i l l s  l i s t e d  i n  
Several m i l l  
These estimates probably provide a more 
Yellow cake dust losses  average about 0.02% except 
Ore dust losses  vary from about 5 x lo--"% f o r  a 
This i s  t o  be expected since the  -10 p par t i c l e s ,  which 
The dust load t o  t h e  co l lec tor  and the  p a r t i c l e  s i ze  d i s t r ibu t ion  
(which a f f ec t s  t he  eff ic iency of the  dust co l l ec to r )  must be known i n  order 
t o  design the  advanced gas treatment cases f o r  t h i s  survey. Neither has 
been measured experimentally. Surveys i n  the  operating areas of t he  m i l l s  
(Table 9.14 and 9.15) indicate  t h a t  t he  m i l l  dusts are  typ ica l  i n d u s t r i a l  
dusts.  Thus, it i s  assumed t h a t  the  e f f ic ienc ies  of t he  dust co l lec tors  
as determined by Stairmand 'lJ2' on a standard i n d u s t r i a l  t e s t  dust (Table 
9.16) are  val id ,  and these e f f ic ienc ies  are  used i n  t h i s  survey. The . 
dust load t o  t h e  co l lec tor  can be calculated from the  dust losses  using 
these e f f ic ienc ies  (Tables 9.12 and 9.13). The e f f ic ienc ies  given by 
Stairmalid are  t h e  r e su l t  of long-term plant  and laboratory invest igat ions 
of a number of types and commercial models of dust co l lec tors .  
mand's data  have been widely quoted by a i r  pol lut ion cont ro l  experts and, 
short  of an ac tua l  pi lot-plant  t e s t ,  are  considered the  best  for estimating 
p e r f ~ r m a n c e . ~ ~  Accurate dust sampling i s  d i f f i c u l t ,  and er rors  usually 
r e s u l t  i n  t he  dust being judged too  coarse; hence t h e  predicted e f f ic ienc ies  
are  too high. Almost any wet scrubber will do a good job of removing 
p a r t i c l e s  l a rge r  than 10 p. 
Sta i r -  22 
9.4.4 Environmental Monitoring 
The concentration of uranium i n  the  a i r  a t  t he  boundary of t h e  s i t e  
or unres t r ic ted  area downwind from ac t ive  uranium mi l l s  i s  generally 2 
t o  15 x This, of course, 
includes dust from t h e  t a i l i n g s  p i l e  (Sect. 9.6.3), and may a l so  include 
dust from t h e  mine i f  it i s  nearby. Tail ings have a low uranium content 
and,in addition, may be wet while t h e  m i l l  i s  operating, and the  mines are  
generally wet; thus most of t h e  airborne uraniwr. dust comes from t h e  m i l l .  
The environmental uranium leve ls  at M i l l  F were a f ac to r  of 10 lower than 
a t  most other  m i l l s ,  i . e . ,  only 0.55 x 
f i l t e r s  and ventur i  scrubbers, which a re  a f ac to r  of 10 more e f f i c i en t  
than the  dust co l lec tors  used by most of t he  industry. 
v C i / m l ,  or 1 t o  8% of M E  (Table 9.17). 
pCi/ml. This m i l l  uses bag 
9.4.5 Other Dust Sources - the  Ore Dryer and the Roaster 
The ore  dryer and t h e  roas te r  a r e  two addi t ional  sources of dust which 
a re  occasionally encountered. 
which can be heated i n  winter t o  prevent f reezing and are equipped with 
specially. designed 60" cone bottoms, wide discharge openings, b e l t  feeders,  
and an a i r  in j ec t ion  manifold so t h a t  ore  d r y i n g  i s  unnecessary. 
dryers are  used as l i t t l e  as possible because of t he  expense. 
losses  from an ore  dryer are unknown. The airflows are  high, i . e . ,  20,000 
t o  45,000 cfm. The dust concentration i n  t h e  ore dryer off-gas could vary 
from 10 (Table 9.11) t o  30 times t h a t  of t he  crusher complex (extrapolat ing 
t h e  data  i n  Table 9.12 t o  4% moisture i n  the  dr ied  o re ) .  
apparent t ha t  an ore dryer could eas i ly  re lease  1 0  t o  60 times as much 
Most f i n e  ore  bins are  housed i n  an enclosure 
Ore 
Exact dust 
, 
It i s  thus 
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dust as t h e  crusher complex. Occasionally, an alkal ine o r  an ion  exchange 
c i r c u i t  mill w i l l  have t o  roast  t h e  yellow cake i n  order t o  remove vana- 
dium o r  molybdenum impurit ies.  
and dust losses  of perhaps 0.01% of t h e  yellow cake might be expected. 
Roasting i s  not necessary with t h e  solvent extract ion c i r c u i t .  
Roasting i s  s imilar  t o  yellow cake drying, 
9.5 Liquid Effluents from M i l l  Processes 
9.5.1 Quantity and Chemical Composition 
Uranium m i l l s  generate la rge  volumes of acidic  o r  basic l i q u i d  wastes 
which contain high concentrations of chemicals i n  addition t o  dissolved 
radioisotopes (Tables 9.18, 9.19, and 9.20). The exact volume and com- 
posi t ion of t he  wastes a re  variable,  depending on the  m i l l  process. I n  
general, a solvent extract ion o r  moving-bed ion exchange m i l l  w i l l  produce 
about 1 . 5  tons of l i q u i d  e f f luent  per ton  of ore processed, a resin-in-pulp 
ion exchange m i l l  about 2.5 tons of l i qu id  per  ton of ore, and an alkal ine 
leach m i l l  from 0.3 t o  0.8 ton  of l i q u i d  per ton  of ore (Table 9.18). 
Untreated wastes from an acid leach m i l l  have a pH of 2 t o  3; those from 
an a lka l ine  leach m i l l  have a pH of about LO (Table 9.18). 
concentration i n  untreated wastes generally var ies  from 0 . 0 1 t o  0.03 
g / l i t e r  (3  t o  10 x loq6 pCi of U n a t / m l ,  Table 9.18); t he  radium concen- 
t r a t i o n  from 360 t o  11,000 x lo-' pCi/ml i n  ac id  effluent and 20 t o  100 
x lo-' pCi/ml i n  a lkal ine e f f luent ;  and t h e  thorium from U , O O O  t o  500,000 
x 16' pCi./ml i n  acid eff luent  (Tables 9.18 and 9.20).  Thorium does not 
dissolve appreciably i n  t h e  alkal ine c i r c u i t .  Most modern m i l l s  analyze 
t h e  l i qu id  e f f luents  f o r  SO4"-, and some a lso  check for C 1 -  and Na ; 
addi t ional  chemical data  a re  not available.  Table 9 . 2 l l i s t s  t he  chemical 
usage i n  mills today. This gives some indicat ion of the waste composition, 
although a l l  of t h e  chemicals w i l l  not necessar i ly  appear i n  the  l i q u i d  
eff luent  . 
The uranium 
+ 
The chemical analyses of m i l l  e f f luents  i n  1959-1962, along with 
Public Health Service drinking water standards, a re  shown i n  Table 9.19. 
Numerous changes have been made i n  m i l l  processes since 1962. 
a t  many m i l l s ,  ammonia i s  used instead of sodium hydroxide t o  p rec ip i t a t e  
For example, 
c 
. '  
t he  yellow cake, and sodium chlorate  has replaced manganese dioxide as 
t h e  oxidant, There i s  a l so  l e s s  extensive use of chloride and n i t r a t e  
i n  s t r ipping c i r c u i t s .  
which use Eluex solvent extract ion t o  concentrate t he  uranium from the  
ion exchange c i r c u i t  w i l l  have e f f luents  containing dissolved organics, 
i . e . ,  an amine (Alamine 336 o r  Adogen 364), an alcohol (isodecanol or 
t r idecanol ) ,  and kerosene. Toxicity f igures  on these amines a re  not 
avai lable;  however, t he  organic r a f f ina t e  from the  o ld  process which 
used di(2-ethylhexy1)phosphoric acid was tox ic  t o  f i s h .  24J25 Other 
chemicals which have been found i n  m i l l  e f f luents  include f luoride,  boron, 
selenium, lead, arsenic ,  cadmium, chromium, molybdenum, vanadium, zinc, 
and phenolic compounds. 
Solvent extract ion m i l l s  and ion exchange mi l l s  
3,26 
9.5.2 Total  Impoundment and Disposal by Natural Evaporation and Seepage 
Fourteen of t he  m i l l s  operating i n  1973 impound a l l  l i q u i d  wastes 
i n  the  t a i l i n g s  area or i n  evaporation ponds and depend on na tura l  evap- 
ora t ion  and seepage for l i q u i d  disposal.  
pol lut ion of surface water does not occur. 27'28 Most of these impound- 
ment areas a re  s i t e d  a considerable distance from any major stream; con- 
sequently, t he  r i s k  t h a t  seepage or accidental  re leases  would reach t h e  
stream i s  decreased. 
underground water supplies i s  more d i f f i c u l t  t o  evaluate. M i l l  operators 
rout inely sample monitoring wells s i t e d  where the  geologists predict  t h a t  
seepage would f i r s t  appear and, t o  date, have not observed any change i n  
t h e i r  samples. 
by seepage merely postpones, ra ther  than solves, t he  water po l lu t ion  
problem and tha t ,  i n  time, t h e  radioisotopes and chemicals will migrate 
through t h e  s o i l s  and i r revers ib ly  contaminate the  underground aquifers.  
The t e s t s  needed t o  resolve th i s  question have not been made. 
analysis of core dr i l l ings underneath abandoned t a i l i n g s  areas would pro- 
vide information about seepage.' 
t h e  exchange capaci t ies  of t h e  soils ' ,  and t h e  monitoring wel l  data  have 
not been rigorously analyzed. 
older  mi l l s ,  and the  new m i l l s  t h a t  have base-line data  have not been 
Since l iqu ids  a re  not released, 
The long-term r i s k  t h a t  seepage may contaminate 
Some environmentalists a r e  concerned t h a t  l i q u i d  disposal  
29 
For example, 
L i t t l e  information ex i s t s  r e l a t i v e  t o  
Base-line well  data  were rYc taken f o r  t he  
operating f o r  a s ign i f icant ly  long period; i . e . ,  t he  extent of operations 
i s  only about one year. 
not a serious problem i f  t h e  t a i l i n g s  area i s  properly s i t ed .  
Although there  i s  no proof, seepage i s  probably 
Most ponds i n  t h e  United S ta tes  a re  located on c lay  s o i l s  i n  an a r i d  
environment with l i t t l e  r a i n f a l l ,  and t h e  water t ab le  i s  wel l  below the  
surface. Consequently, the  environment provides a considerable safe ty  
margin. The f i n e  m i l l  t a i l i n g s  usually s e a l  t he  bottom of the  pond so 
t h a t  most seepage occurs during the  ear ly  l i f e  of t he  pond3' and does 
not continue indefini te ly .  Alkaline leach t a i l i n g s  can be expected t o  
s e a l  t h e  pond more rapidly than acid t a i l i n g s  because the  p a r t i c l e  s i ze  
of t h e  t a i l i n g s  i s  much smaller (ore i s  more f ine ly  ground). Tail ings 
from a clay-type ore should form a s e a l  more rapidly than a sandy ore. 
If the  pond i s  s i t e d  on a c lay s o i l ,  t he  highly acid e f f luent  from an 
acid leach m i l l  w i l l  d isperse  the  soil p a r t i c l e s  which, i n  turn,  clog 
t h e  void spaces and stop fur ther  seepage.31 
can dissolve a limestone s o i l ,  causing channeling and an increase i n  t h e  
seepage r a t e .  31 The s o i l s  under many t a i l i n g s  areas contain montmorillonite 
clay, which has a cat ion exchange capacity of about 100 meq/100 g of c lay 
and can adsorb considerable quant i t ies  of radioisotopes. For example, 
an estimate for t he  Exxon m i l l  indicates  t h a t  one ton  of the  s o i l  around 
t h e i r  t a i l i n g s  area i s  theo re t i ca l ly  capable of adsorbing 2000 g of 
Conversely, t h e  acid e f f luents  
32 
radium.53 
metals, which w i l l  form insoluble s a l t s  w i t h  t h e  su l f a t e  ion and stop the  
migration of su l fa te .  
Many s o i l s  contain cations,  such as calcium, iron, o r  heavy 
Older m i l l s  of ten have dams or dikes constructed of t a i l i n g s  through 
which l iqu ids  seep. The seepage i s  col lected i n  catch basins and pumped 
back in to  the  pond. 
has not been observed. 
The newest m i l l s  have clay core dams, 34935 and seepage 
9.5.3 Release from Impoundment Ponds 
I n  t h e  1950's, radium contamination i n  the  Colorado River Basin was 
a t t r i bu ted  t o  re leases  of untreated l i qu id  (and s o l i d )  wastes from some 
t a i l i n g s  impoundments located on stream banks i n  the  Colorado plateau. 36 - 40 
By 1962 t h e  industry had generally solved the  l i qu id  eff luent  and seepage 
problem,41 and by 1966 t h e  number of accidental  re leases  from dike f a i l u r e s  
had been reduced by the  establishment of s t ruc tu ra l  requirements f o r  dikes. 
Most of t h e  o ld  mi l l s  a re  now closed; however, as of ear ly  1973, two m i l l s  
were releasing t r ea t ed  e f f luents  t o  r ive r s  because they had insuf f ic ien t  
pond area f o r  evaporation. One, t he  Atlas m i l l  a t  Moab, plans t o  make 
process modifications which w i l l  reduce the  volume of l i qu id  e f f luents  
such t h a t  t h e i r  pond area w i l l  be a d e q ~ a t e . ~  
m i l l  a t  Uravan, has no ready solution. 
addi t ional  adjoining land from t h e  Forest Service, but t h a t  agency i s  not 
amenable t o  t h i s  p r 0 ~ e d u r e . l ~  It i s  expected t h a t  t he  m i l l  w i l l  continue 
t o  (1) release a barium chloride-treated e f f luent  from t h e  yellow cake 
p rec ip i t a t ion  c i r c u i t  plus t a i l i n g s  dike seepage t o  the  r ive r ,  ( 2 )  dispose 
of organic ra f f ina te  and high-salt-content wastes i n  seepage ponds which 
dip away from the  r ive r ,  and (3)  impound acidic  e f f luents  f o r  recycle t o  
t h e  
t a i l i n g s  area.  Although Mines Development, Edgemont, South Dakota, 
impounded a l l  l i qu id  eff luents ,  t h e  t a i l i n g s  f a i l e d  t o  s e a l  t h e  bottom; 
and, as recent ly  as 1966, they had some seepage t o  the  r ive r .  
col lected from the  bank of Cottonwood Creek contained 32 x 16’ u C i / m l  
of radium and 58 x id9 p C i / m l  of uranium. 
c ip i t a t ed  i n  the  creek, producing a red coloration. 
apparently flowed upward i n t o  the  Cheyenne R i v e r  bed v i a  an underground 
spring. 
w a s  rapidly d i lu t ed  t o  background a f t e r  t he  confluence with the  Cheyenne 
River. 
42 
The second, t he  Union Carbide 
The most obvious i s  t o  lease 
Seepage i s  v i s ib l e  on the  canyon walls below the  Uravan 
44 Seepage 
44 Dissolved i ron  s a l t s  pre- 
44 Seepage a l so  
44 Cottonwood Creek contained 2 x lo-’ uCi/ml of radium, but t h i s  
44 
9.5.4 Deep-Well In jec t ion  
The Anaconda m i l l  uses a deep wel l  f o r  disposal  of excess l i qu id  i n  
t h e  winter s ince t h e  geologic conditions will not permit eqans ion  of the  
ponds. 45-48 Bulk so l ids  a re  removed from t h e  t a i l i n g s  e f f luent  by s e t t l i n g  
i n  t h e  pond, and the  supernate i s  f i l t e r e d  t o  produce a c l ea r  eff luent  
su i tab le  f o r  inject ion.  Experience has shown t h a t  chemical treatment for 
bacter ia ,  fungus, e tc . ,  i s  unnecessary. 45 Operations have been sa t i s f ac to ry  
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f o r  11 years.45 The use of deep well  disposal  requires spec ia l  geologic 
conditions; consequently, t h i s  method i s  not su i tab le  f o r  t h e  Uravan 
m i l l .  49 
9.5.5 Disposal of Nitrate-Bearing Wastes 
Nitrate  from uranium ore processing f a c i l i t i e s  has been detected i n  
underground wells. 50’51 
because i t s  salts  a re  more soluble and because the  n i t r a t e  ion i s  l e s s  
readi ly  adsorbed by t h e  na tura l  minerals i n  the  earth.  Ni t ra te  i s  not 
used i n  m i l l s  a t  present (1973). 
Ni t ra te  ion i s  much more mobile than su l f a t e  ion 
9.5.6 Chemical Treatment 
Chemical treatment of l i qu id  wastes i s  not widely pract iced i n  the  
United S ta tes .  
plant5* and are  t r e a t e d  with barium chloride t o  p rec ip i t a t e  radium a t  
Uravan (Colorado ) 19’43 and a t  Atlas (Moab, Utah). 53 The Canadians m i l l  
uranium ores i n  a wet environment and have considerable operating ey- 
perience with l i qu id  waste treatment. Neutralization of ac id ic  e f f luents  
has been compulsory i n  t h e  province of Ontario, Canada, since 1960,54 and 
by 1968 a l l  Ontario mi l l s  were a l so  t r ea t ing  t h e i r  t a i l i n g s  pond overflow 
with barium chloride.55 I n  the  future ,  new Canadian m i l l s  w i l l  be re -  
s t r i c t e d  t o  a l i m i t  of 1 ppm of N€k, i n  l i qu id   release^.^ To meet t h i s  
requirement, the  m i l l s  w i l l  probably have t o  t r e a t  and recycle most o f  
t he  pond water t o  the  m i l l .  
with the  so l id  t a i l i n g s .  
The wastes are  neutral ized a t  t h e  D a w n  (Ford, Washington) 
A small bleed stream would be discharged 
3 
Neutralization. - Neutralization i s  e f fec t ive  i n  reducing the  pollution 
po ten t i a l  of acid leach m i l l  wastes. 
acidi ty ,  it causes t h e  prec ip i ta t ion  of -9% of t h e  radium,I6 almost a l l  
t he  thorium, and much of t h e  iron, copper, cobalt ,  arsenic,  uranium, 
vanadium, and other heavy metal ions as insoluble oxides or  hydroxides. 
When lime i s  the  neutral iz ing agent, su l fa te ,  phosphate, and s imilar  
anions a re  prec ip i ta ted  as insoluble calcium s a l t s .  Lime i s  somewhat 
more e f fec t ive  than ammonia or sodium hydroxide i n  removing radium because 
t h e  radium coprecipi ta tes  with t h e  calcium su l fa te .  56 
I n  addition t o  eliminating the  excess 
Lime i s  a lso t h e  
n 
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l e a s t  expensive. 
re lease  t o  streams since suspended so l ids  can carry considerable amounts 
of radium.16 
neutral ized eff luents  (pH -7) contain 0.25 t o  500 x lo-' u C i / m l  of radium 
and 0.95 t o  130 x lo-' pCi/ml of thorium compared with 500 t o  81,000 x 
ld9 pCi/ml of radium and 1,100 t o  477,000 x lo-' pCi/ml of thorium i n  
acidic  eff luents  (pH 1 . 5  t o  3.0)  (Tables 9.18 and 9.20). Seepage from 
neutralized, compacted t a i l i n g s  covered by a pond, or runoff from neutral-  
ized t a i l i n g s ,  ca r r i e s  very ' l i t t l e  radium, 54,57 i n  contrast  t o  seepage or 
runoff from unneutralized t a i l i n g s  which does carry dissolved radium. 
However, t h e  radium i n  neutral ized t a i l i n g s  can be dissolved by vigorous 
ag i t a t ion  with la rge  quant i t ies  of water, i . e . ,  1000 p a r t s  water t o  1 
par t  f ines .57 
a problem due t o  scaling on tanks and i n  t a i l i n g s  pipel ines .  
methods f o r  minimizing scale  buildup are:  
The t r e a t e d  solutions must be c l a r i f i e d  before t h e i r  
The e f f ec t  of neut ra l iza t ion  i s  qui te  s t r ik ing ,  i . e . ,  
29 
G y p s u m  ((!.SO4), formed during lime neutral izat ion,  can be 
Several  
1, Combination of l iqu ids  with so l id  ore  t a i l i n g s  p r io r  t o  
neutral izat ion,  as t h e  gypsum then tends t o  p rec ip i t a t e  on 
t h e  sand pa r t i c l e s  ra ther  than on t h e  equipment. 58 
58 2. Use of aerat ion ra ther  than mechanical agi ta t ion.  
3. 59 Holding s l u r r i e s  i n  t h e  mixing tank f o r  a period of 2 h r  
t o  several  hours. 58 
4. A p p l y i n g  a heavy coat of grease t o  the  neut ra l iza t ion  tank 
for eas ie r  removal of t h e  scale .  58 
Scale has been cleaned from pipel ines  using high-pressure airs8 and 
various kinds of mechanical "pigs", "bugs", o r  "hedgehogs" equipped with 
spikes, t ee th ,  cu t t ing  vanes, or wire brushes. 587 59 
Neutralization i s  of l imited value i n  t r ea t ing  alkal ine wastes since 
most of t he  species removed i n  t r e a t i n g  acid wastes a re  not present i n  
a lkal ine solutions.  Neutralization removes a f r ac t ion  of t he  radium, but 
t h e  r e s u l t s  a r e  e r r a t i c ,  probably because the  mechanism i s  t h e  adsorption 
of soluble radium on p rec ip i t a t e s  or  other  so l id  surfaces. 16 
Barium Chloride Treatment. - B a r i u m  chloride i s  an e f fec t ive  agent 
f o r  removing radium from sulfate-containing wastes by coprecipi ta t ing 
radium su l f a t e  with barium su l fa te .  43' 54J 57 The eff ic iency i s  dependent 
on the  radium concentration i n  t h e  stream t o  be t rea ted ,  i . e . ,  9% radium 
removal was obtained from streams containing -400 pCi / l i t e r  (-400 x lo-' 
uCi/ml),43 while the  more recent Uravan experience has been removal of 
93 t o  9% of t h e  radium f rom more d i l u t e  streams of -28 pCi/ l i ter . lg  It 
i s  effect ive on e i the r  acidic  or neut ra l  wastes. The barium chloride 
must be added t o  a c l ea r  solution, such as t h e  decant from a t a i l i n g s  
pond, and the  small pa r t i c l e s  of radium-bearing p rec ip i t a t e  must s e t t l e  
before the  t r e a t e d  eff luent  i s  released t o  t he  environment. 19,43,54,57 
If barium chloride i s  added t o  a t yp ica l  waste s lurry,  radium can be 
leached from the  f i n e  suspended so l ids .  54757 It i s  advisable t o  use a 
" t a i l i ngs  f r ee"  s e t t l i n g  basin.  I n  a t e s t  program, the  Canadians used 
a c lear ,  neut ra l  overflow solut ion containing -30 pCi / l i t e r ,  added 0.01 
g / l i t e r  of barium chloride w h i c h  lowered the  soluble radium concentration 
t o  -1 pCi / l i t e r ,  and pumped the  t r e a t e d  l i qu id  t o  an old t a i l i n g s  pond t o  
s e t t l e .  
of old t a i l i n g s  where the  pipel ine ended. 54'57 After  a month the  s e t t l i n g  
basin overflow contained -3 pCi / l i t e r ;  after 2 months it contained -2 
pCi/l i ter .54'57 They then extended t h e i r  pipel ine in to  open water t o  
The decant from the  pond contained -13 pCi / l i t e r  from the  s t i r r i n g  
- 
prevent any fur ther  leaching. 54957 The p rec ip i t a t e  formed by the  barium 
chloride treatment i s  l e s s  hazardous than t h e  ore  t a i l i n g s  and contains 
l e s s  radium i n  a l e s s  leachable form. l9 
s e t t l i n g  basin can be pumped t o  the  t a i l i n g s  area. l9 
pounds such as barium carbonate and barium su l fa te  ( b a r i t e )  have been 
t r i e d ,  but are  nei ther  as effect ive nor as convenient f o r  sulfate-contain- 
ing wastes as barium chloride.  
Solids which co l lec t  i n  the  
Other barium com- 
19,43 
Copperas Treatment. -Alkal ine e f f luents  may be t r e a t e d  with e i the r  
copperas (FeS04 * m O ,  a f locculat ing agent) or b a r i t e  (BaS04 ). 
barium chloride treatment i s  not e f fec t ive  on alkal ine wastes which con- 
t a i n  no su l fa te .  
the  radium; two stages of copperas, 8%; neutral izat ion followed by 
b a r i t e  treatment, 95%; and copperas followed by ba r i t e ,  97%. Reagent 
costs  a re  lower f o r  copperas followed by b a r i t e  than f o r  neut ra l iza t ion  
followed by barite.16 These processes were t e s t e d  i n  a p i l o t  plant  a t  
The 
A single-stage copperas treatment w i l l  remove 78% of 
16 
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t h e  AEC Monticello m i l l ,  but they have not been used c o m e r c i f l y .  
Lime-Steam S t r i p  with Recycle of Water and Ammonia. - A  completely 
d i f f e ren t  approach would be t o  recycle a l l  water and have no l i qu id  
e f f luents .  
s imilar  t o  t h e  "model" acid leach m i l l  (amine solvent extract ion,  mS04 
s t r i p ,  p rec ip i ta t ion)  used i n  t h i s  survey, except t h a t  they include 
a lime-steam str ipping c i r c u i t  t o  recover ammonia from t h e  s t r i p  l iquors .  
One m i l l  w i l l  be b u i l t  i n  an i so l a t ed  pa r t  of Austral ia ,  where they believe 
they can recover ammonia cheaper than they can buy it. 
expects t o  recover ammonia and recycle a t  l e a s t  75% of t h e  water t o  t he  
m i l l  i n  order t o  meet t he  1-ppm ammonia l i m i t  i n  discharges s e t  by t h e  
province of Ontario. 
ammonia from ammonium su l f a t e  has been operated a t  a Canadian paper 
3 company f o r  2 t o  3 years. 
There a re  now designs f o r  two foreign mills which are  bas ica l ly  
3 
The other m i l l  
A l ime-s tem s t r ipp ing  c i r c u i t  f o r  t h e  recovery of 
9.6 Tai l ings 
9.6.1 Quantity and Composition 
Uranium ores contain only 3 t o  6 l b  of U308 per  ton  of ore  (0.15 t o  
0.3% U30e) ,  which means t h a t  one ton  of so l id  waste t a i l i n g s  w i l l  be 
generated for each ton  of ore  processed. 
of s i l i c a  with some s i l i c a t e s  ( i . e . ,  sand), and i n  the  case of an acid 
leach mill w i l l  contain insoluble su l fa tes ,  such as calcium su l fa te ,  
from the  mil l ing process. 
together,  and as the  water evaporates, soluble s a l t s  c r y s t a l l i z e  from 
t h e  pond and become pa r t  of t h e  so l id  t a i l i n g s .  
contain 50 t o  400 pg U/g (20 t o  130 x 
x 
how r i c h  an ore  w a s  processed (Table 9.22). 
seven m i l l  operators reported t h a t  t h e i r  t a i l i n g s  contain 0.005 t o  0.015% 
uranium (20 t o  50 x ld6 U C i  Un,/g) while two reported >0.015% uranium 
(>5O x lov6 uCi/g) .  
but uranium. 
a re  consistent with Table 9.22. 
The t a i l i n g s  consis t  primarily 
Liquid and so l id  wastes a re  commonly s tored 
The t a i l i n g s  generally 
pCi Unat/g), and 150 t o  1000 
pCi/g each of radium-226, thorium-230, and lead-210, depending on 
I n  the  Spring 1973 survey, 
Mills do not ord inar i ly  analyze t a i l i n g s  for anything 
Three m i l l s  reported radium-226 and thorium-230 contents t ha t  
Other radioisotopes which may be expecteZ 
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a re  discussed i n  Sect.  9.3, but there  a re  no t a i l i n g s  analyses f o r  them. 
The maximum gamma rad ia t ion  l e v e l  measured 3 f t  above the  surface of the 
p i l e  i s  usual ly  about 0.5 t o  1.6 mR/hr, although higher values are  known 
(Tables 9.23 and 9.24). The surface of t he  t a i l i n g s  p i l e  i s  not uniform. 
The t a i l i n g s  are  spigoted f romthe  dam or dike, with t h e  heavier sands 
s e t t l i n g  near t h e  dam and t h e  slimes moving toward t h e  center and upper 
end of t he  impoundment. It i s  e s sen t i a l  f o r  t he  s t a b i l i t y  of t he  dam 
t o  place t h e  slimes well  away from t h e  dam.30 Since the radioisotopes 
a re  concentrated i n  t h e  slimes f r ac t ion  (Sect. 9.3), t h i s  r e s u l t s  i n  a 
widely varying l e v e l  of rad ioac t iv i ty  over t he  surface of t h e  p i l e .  
example, t h e  radium concentration a t  Mexican Hat var ies  from 27 t o  860 
pCi/g (27 t o  860 x 
from 0.02 t o  6 mR/hr (Table 9.24). 
required t o  obtain a representat ive p ic ture  of an e n t i r e  p i l e .  
s e t t l e d  t a i l i n g s  contain 30 t o  4% water i n i t i a l l y . 3  
comes inact ive,  t he  t a i l i n g s  dry t o  10 t o  2% moisture.60 The weight 
For 
uCi/g), and t h e  gamma rad ia t ion  a t  Tuba City 
A ca re fu l  sampling program i s  thus 
The 
When the  m i l l  be- 
- I  
60 varies  from 123 l b / f t 3  with 2% moisture t o  140 l b / f t 3  w i t h  1% moisture. 
A ton of m i l l  feed w i l l  occupy a volume of 0.63 t o  0.66 cubic yard as 
c 
60 "dry" t a i l i n g s .  
9.6.2 Waste Retention Systems 
The l i qu id  and so l id  e f f luents  a re  combined i n  the  m i l l ,  and the  
The t a i l i n g s  a re  of ten  dumped s lu r ry  i s  pumped t o  t h e  t a i l i n g s  area. 
inside dikes made of coarse t a i l i n g s  sand, thus forming a p i l e  which 
can grow t o  30 or 40 f t  high and as much as half  a mile long. 
t h e  general  p rac t ice  i n  New Mexico, Colorado, Utah, and t h e  abandoned 
s i t e s  i n  Arizona. In  some cases, low ear th  s t a r t e r  dams were used 
i n i t i a l l y ,  but t h e  ove ra l l  e f f ec t  i s  a gigant ic  sand p i l e .  
mills 34'61 and a l so  a t  t h e  new Rio Algom m i l l  i n  Utah,35 the  t a i l i n g s  
are  impounded i n  a na tura l  basin with an e a r t h - f i l l  dam or dike across 
This i s  
A t  Wyoming 
t h e  opening. Exxon,34 Rio A Q o ~ , ~ ~  and Utah In te rna t iona l  a t  Gas H i l l s  62 
have c lay  core dams which are  keyed e i the r  t o  shale or t o  an underlying 
na tura l  c lay formation t o  minimize seepage through the dam. The AEC 
Licensing Guide of 1963 l i s t s  a number of c r i t e r i a  f o r  re ten t ion  systems 
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such as permanent diversion of any na tura l  watercourse and runoff, 
minimum distance of 200 f t  from any permanent flowing watercourse a t  
f lood stage,  design and construction parameters f o r  t he  embankment, 
minimum freeboard of 3 f t  a t  t he  high water mark, and a program f o r  main- 
tenance and inspection.63 Tailings a re  deposited with t h e  sands near t he  
dam and the  slimes and pond away from the  dam, as a water-saturated dam 
i s  l i k e l y  t o  be unstable. 30 
The area of exposed dry t a i l i n g s  i s  var iable ,  depending on the volume 
of l i q u i d  eff luent  from the  m i l l ,  t h e  na tura l  evaporation r a t e ,  and the  
design of t he  re ten t ion  system. I n  the  spring of 1973, a l l  t a i l i n g s  a t  
t h e  new Exxon and Rio Algom mills were submerged i n  water. 
t he  New Mexico m i l l s  have many acres of dry t a i l i n g s .  
I n  contrast ,  
9.6.3 Wind Erosion of Tailings* 
The blowing dust and moving sand dunes from dry t a i l i n g s ,  especial ly  
from ,an inact ive p i l e  which has completely dried,  can be a nuisance t o  
t h e  surrounding community. Complaints about t h e  blowing dust were the  
primary impetus behind t h e  Colorado regulation requiring s t ab i l i za t ion  
of uranium m i l l  tailings. 28 Theoretically,  t he  amount of airborne radio- 
act ive dust should be highly dependent on the  meteorology. The f i n e  
slimes f rac t ion ,  which contains most of t he  radioisotopes, i s  not d i r ec t ly  
t ransported in to  t h e  air  by turbulent d i f fus ion  since t h e  drag force on 
such s m a l l  pa r t i c l e s  i s  spread over a large area ra ther  than over an 
individual  pa r t i c l e .  Instead, t h e  process of dust suspension i s  
thought t o  take place by s a l t a t i o n  when sand grains impact 4ust on the  
ground. Maximum winds and gustiness a re  more important fac tors  i n  
moving dusts  than i s  t h e  average wind speed. 
and radioisotope concentration of t h e  exposed, dry t a i l i n g s .  
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Other f ac to r s  a re  t h e  area 
Examples of airborne radioact ive dust concentrations are  given i n  
~adium-226 and thorium-230 values of 0.5 t o  4 x Tables 9.25 and 9.26. 
pCi/ml of a i r  are common around t a i l i n g s  p i l e s .  From t h e  standpoint 
of inhalation, the  radium dust ' levels are  generally low, i . e . ,  -1% of Mpc. 
*For other  sources of airborne par t icu la tes ,  see Sects. 9.4 and 9.7. 
It i s  unfortunate t h a t  there  i s  l i t t l e  information available on the  move- 
ment of  thorium-230, because the  MFC f o r  airborne thorium i s  100 times 
lower than fo r  radium (Table 9 .3) .  
i n  secular equilibrium i n  the  airborne t a i l i n g s  dust (which i s  not 
necessarily t r u e ) ,  then t h e  thorium may approach MFC about 3% of the  time. 
The data  i n  Table 9.25 summarize 3 months' continuous monitoring i n  Grand 
Junction and Durango during the  windy, gusty season of t he  year. 
period was an unusually wet spring with 6% more prec ip i ta t ion  than normal; 
hence the  dust leve ls  would be lower than f o r  a t y p i c a l  spring. The other 
s tudies  were a l l  short  term and merely indicate  conditions a t  t h e  time of 
t he  surveys, A t  Tuba City, Arizona, t he  radium-226 concentration from 
resuspended t a i l i n g s  dust averaged 560 x pCi/ml of a i r  f o r  four days 
a t  a s t a t ion  1200 f t  downwind from the  t a i l i n g s  p i l e  and outside the  fence 
(Table 9.26). 
radiw-226 were i n  secular equilibrium, the  thorium concentration would 
have been *200 times M E .  Although Tuba City does not have dust storms 
365 days a year, t h e  importance of long-term continuous monitoring i n  
determining the annual atmospheric t r a m p o r t  must be emphasized. Upwind 
and crosswind from t h e  Tuba City p i l e ,  the  radium concentrations were much 
lower, i . e . ,  only 1 t o  7 x 
Assuming t h a t  radium and thorium are  
The 
This i s  twice t h e  MPC f o r  radium. If thorium-230 and 
pCi/ml during the  same four days. 
Although s i l i c o s i s  i s  recognized as the  primary,hazard i n  the  in- 
halat ion of ore dusts,20 no records of s i l i c a  analyses i n  the  v i c i n i t y  of 
t a i l i n g s  p i l e s  could be located. 
L i t t l e  information could be found regarding the  f r ac t ion  of t he  a i r -  
borne dust t h a t  i s  respirable .  Preliminary analysis of grab samples taken 
from t h e  top  1/4 i n .  of a p i l e  which has been inact ive f o r  10 years in-  
dicated t h a t  78% of the  pa r t i c l e s  were c2.5 p and 91% were 9 . 0  IJ.; i . e . ,  
most of t he  pa r t i c l e s  remaining on the  surface sampled are  respirable .  65 
This implies t h a t  t h e  wind has blown away t h e  coarser f r ac t ion  of t he  
slimes. 
I n  general, t he  concern of Public Health au thor i t ies  has been the 
long-term atmospheric t ransport  of t a i l i n g s  o f f - s i t e  over t h e  1,620-year 
ha l f - l i fe  of radium-226 and t h e  83,000-year h a l f - l i f e  of thorium-230, 
ra ther  than any immediate hazard from inhalat ion of airborne dusts.  29 
Both EPA and AEC-Regulatory have taken s o i l  samples i n  the  v i c i n i t y  of 
t a i l i n g s  p i l e s .  
a c t i v i t y  except where there  has been v i s ib l e  migration of sand dunes. 
66 No detectable  increase has been noted i n  the  o f f - s i t e  
66 
9.6.4 Water Po1lution* 
Sol id  t a i l i n g s  poten t ia l ly  represent a la rge  radium reservoir  from 
16,67,68 
which soluble radium may be slowly dissolved simply by water leaching. 
If t a i l i n g s  enter  a stream o r  contact surface runoff, radium can be 
leached t o  the  overlying water, His tor ica l ly  there  was one case where 
t h e  concentration of radium-226 i n  a r i v e r  increased by 12 x lo-' pCi/ml 
as it passed a m i l l  - 5% from radium dissolved i n  the  m i l l  e f f luents  and 
95% from t h e  leaching of so l id  t a i l i n g s  i n  t h e  stream bed. 37J38 After 
pollution-control measures were i n s t i t u t e d  i n  the  ear ly  1 9 6 0 ' ~ ,  t h e  spring 
floods transported most-of t h e  radium-bearing so l ids  i n  ' the stream beds 
downstream t o  Lake Powell and Lake Mead reservoirs ,  where they have since 
been buried under l a t e r  sediments. 29J37 
t h e  radium (Sect. 9.3.3), are  eas i ly  car r ied  by surface runoff from the  
p i l e s ,  and i n  the  middle 1960's were considered the  major contributor 
(other than na tura l  sources) t o  t h e  dissolved radium i n  streams. 2g Total  
impoundment (Sect. 9.6.2) and s t ab i l i za t ion  (Sect. 9.6.6) have v i r t u a l l y  
eliminated t a i l i n g s  as a source of water pol lut ion today. 
The slimes, which contain most of  
9.6.5 Use of Tail ings f o r  Construction Purposes 
Pr ior  t o  1966 the re  w a s  no evidence t h a t  radon from uranium m i l l  
t a i l i n g s  would readi ly  d i f fuse  in to  enclosed s t ructures .  69 Tailings-sand 
compacts eas i ly  and makes good f i l l  f o r  construction projects .  I n  t h e  
pa r t i cu la r  case of Grand Junction, Colorado, it w a s  available a t  no cost  
from a p i l e  i n  t h e  center of the c i t y .  
w a s  used around s t ruc tures  i n  Grand Junction. 70'71 
Grand Junction area indicated the  probable presence of t a i l i n g s  around 
-4,800 s t ructures .  l5 Of these,  -1,100 had indoor radon leve ls  of 0.05 
An estimated t o t a l  of 50,000 tons 
Gamma surveys i n  t h e  
*For water pol lut ion from l iqu id  e f f luents ,  see Sect.  9.5.2 and 9.5.3. 
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WL* or higher above background and -2,000 had l eve l s  of 0.01 t o  0.05 
WL.l5 The cost  of remedial act ion has been estimated a t  $10,000,000 72 
t o  $15,000,000. 71 I n  addition, an estimated 250,000 tons of t a i l i n g s  
was removed from the  Grand Junction p i l e  f o r  use as a subbase under roads, 
driveways, and sidewalks and as packing around culver ts ,  sewers, and 
waterlines.  70 
n i l l i n g  towns, 15773-75 but Grand Junction i s  t h e  only cornunity where 
widespread use of t a i l i n g s  occurred. 
Tail ings have been found around s t ruc tures  i n  other  uranium 
9.6.6 S tab i l i za t ion  of Tail ings P i l e s  
I n  1966 Colorado adopted a regulation requiring s t ab i l i za t ion  of a l l  
uranium and thorium m i l l  t a i l i n g s  p i l e s  and ponds from inact ive m i l l s  
against  wind and water erosion. 76 The regulat ion requires wr i t ten  not ice  
t o  t h e  S t a t e  Department of Health before t h e  s i t e  can be t r a n s f e r r e d  t o  
another party,  and wr i t ten  approval before the  surface of t h e  land i s  
put t o  use or t a i l i n g s  a re  removed f o r  purposes other  than reprocessing. 
S t ab i l i za t ion  s h a l l  be conducted i n  the  following manner: 
"1. Ponds s h a l l  be drained and covered with mater ia ls  t h a t  pre- 
vent blowing of dust .  
dispersed of i n  a manner approved by t h e  Water Pol lut ion 
Control Commission. 
Water drained from the  ponds s h a l l  be 
2. Taking in to  consideration the  types of materials a t  each s i t e ,  
p i l e s  s h a l l  be leveled and graded so t h a t  there  i s ,  insofar  
as possible,  a gradual slope t o  ensure t h a t  there  s h a l l  be no 
low places on t h e  p i l e  where water might co l l ec t .  
s h a l l  be s t ab i l i zed  by r iprap,  dikes, reduction of grades, 
vegetation, or any other method o r  combination of methods t h a t  
w i l l  ensure s t ab i l i za t ion .  
Side slopes 
*WL = Working Level; 1 WL i s  defined as any combination of short-l ived 
radon progeny i n  one l i t e r  of a i r  t h a t  w i l l  r e s u l t  i n  t he  ult imate 
emission of 1.3 x 10' MeV of alpha energy by deca t o  lead-210. The 
occupational l i m i t  f o r  a uranium miner i s  0.3 WL. Y5 
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3. If p i l e  edges a re  adjacent t o  a r iver ,  creek, gulch, o r  
other  watercourse t h a t  might reasonably be expected t o  erod 
t h e  edges during periods of high water, t he  exposed slopes 
s h a l l  be s t ab i l i zed  and the  edges s h a l l  be diked and riprapped 
su f f i c i en t ly  t o  prevent erosion of t h e  p i l e .  
4. Drainage ditches s h a l l  be provided around the  p i l e  edges suf- 
f i c i e n t  t o  prevent surface runoff water from neighboring land 
from reaching and eroding the  p i l e .  
5. The p i l e  s h a l l  be s t ab i l i zed  against  wind and water erosion. 
The method of s t ab i l i za t ion  may consis t  of vegetation o r  a 
cover of s o i l ,  s o i l  containing rock o r  stone, rock o r  stone, 
cement o r  concrete products, petroleum products, o r  any other 
s o i l  s t ab i l i za t ion  mater ia l  present ly  recognized o r  which may 
be recognized i n  the  future ,  o r  any combination of t h e  fore-  
going as may be required f o r  proper protect ion from wind, o r  
water erosion. 
Arizona has passed a l a w  similar t o  t h a t  i n  Colorado,77 while Wyoming 
i s  including t a i l i n g s  p i l e s  under t h e i r  land reclamation law f o r  open p i t  
mining. 78 The Environmental Protection Agency i s  encouraging the  other 
ore  processing s t a t e s  t o  adopt regulations patterned a f t e r  Colorado ' s ,  
with the  addi t ional  provision fo r  long-term maintenance of t he  p i l e  cover 
and safeguards against  w a t e r  po l lu t ion  i f  i r r i g a t i o n  i s  used t o  e s t ab l i sh  
~ e g e t a t i o n ? ~  I n l icensing new m i l l s ,  t h e  Atomic Energy Commission requires  
t h e  m i l l  operator t o  describe procedures f o r  s t ab i l i za t ion  and long-term 
control  of tailings, and t o  post a bond which i s  increased each year as 
t h e  t a i l i n g s  grow t o  guarantee t h a t  funds w i l l  be avai lable  t o  cover the  
expected cost .  80 
The f i r s t  extensive uranium mill tailings s t ab i l i za t ion  project  a t  
t h e  AEC Monticello, Utah, s i t e  has been successful. Approximately 900,000 
tons of so l id  t a i l i n g s  i n  four  separate areas covering about 40 acres 
were graded t o  f a c i l i t a t e  drainage and covered with a 12- t o  24-in.-deep 
rock and soil surface.81 Barnyard manure and commercial f e r t i l i z e r  were 
spread, and t h e  area was seeded with nat ive grasses. Cost of t h e  pro jec t  
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was $lgO,OOO. 
slimes had accumulated t o  a depth of 20 f t .  The slimes were covered 
with 2 t o  4 f t  of t a i l i n g s  sand (6 f t  over extremely f l u i d  a reas)  before 
put t ing on the s o i l  and rock cover. The vegetation cover i s  wel l  estab- 
l ished,  and only minor maintenance has been necessary. ” Problems asso- 
c ia ted  w i t h  wind and water erosion of t a i l i n g s  and the  physical hazards 
of t h e  quicksand-like slimes were eliminated. Three years a f t e r  t he  
project  was completed, surface s o i l ,  water, and vegetation samples showed 
no evidence of leaching or uptake of a c t i v i t y  from the  subsurface t a i l i n g s .  
The average gamma dose r a t e  of the  covered p i l e  was 0.044 mR/hr on the  
surface and 0.040 mR/hr 3 f t  above the surface, compared with an average 
background i n  the  town of 0.036 mR/hr on the  surface of the  ground and 
0.032 mR/hr 3 f t  above the  ground. 83 I n  contrast  before s t ab i l i za t ion ,  
the radim-226 content of South Creek downstream from the property averaged 
one t o  two times MPC, the  gamma rad ia t ion  l eve l s  along the  perimeter of 
the  t a i l i n g s  ponds ranged from 0.35 t o  0.40 mR/hr and were probably as high 
as 1 t o  2 mR/hr i n  the slimes areas.  81 I n  addition, t he  radon concentration 
over t he  covered Monticello t a i l i n g s  p i l e  was two t o  four times lower than 
the  concentration over unstabi l ized p i l e s  (Sect. 9.7.1). 
The pr inc ipa l  d i f f i c u l t y  was covering an area where wet 
83 
Uranium t a i l i n g s  p i l e s  a t  Grand Junction, Gunnison, Naturita,  “old” 
Rifle,  and Sl ick  Rock, Colorado, and Green River, Utah, have been covered 
and vegetation e s t  ab li shed. 19’ 43’84 S tab i l i za t ion  of t he  Maybell, Colorado, 
p i l e  should be completed i n  August 1973.19 Generally, the  covers a re  6 i n .  
th ick , I9  although 1 f t  was used at Grand Junction. 85 The 1-ft cover on the  
Grand Junction p i l e  reduced the  gamma rad ia t ion  by about one order of 
magnitude.28 No radiological  surveys have been made over t he  6-in. covers. 
The radium concentration i n  the  grass on the  o ld  R i f l e  p i l e  (6-in.-deep 
cover) i s  higher than background, indicat ing tha t  t he  roots  penetrate  the  
tailings.’’ 
amount of grading required and the  distance t h a t  rock and r iprap  must be 
hauled.29 Union Carbide ca lcu la tes  t h e i r  costs  a t  $850 t o  $3500/acre f o r  
a cover with a minimum depth of 6 i n .  and varying up t o  8 t o  12 i n .  
Unlike Monticello, where maintenance has been low and annual p rec ip i t a t ion  
i s  14  in.,82y86 regular sprinkling i s  of ten required f o r  a t  l e a s t  several  
Cost of t h e  i n i t i a l  s t a b i l i z a t i o n  var ies  according t o  the  
19 
years 19'43,85 and possibly i n  perpetui ty .  
annual prec ip i ta t ion  i s  8 in . ,  
t h e  year.85 
month, and the  system requires 80 man-hours of labor  per week i n  addition 
t o  annual reseeding of winter-ki l led areas. 
A t  Grand Junction, where the  
86 i r r i g a t i o n  i s  required f o r  s i x  months of 
Power costs  alone f o r  t h e  i r r i g a t i o n  pumps amount t o  $400 per 
85 
Attempts have been made t o  es tab l i sh  vegetation d i r e c t l y  on t a i l i n g s  
t o  avoid the  expense of ea r th  or rock covers. 
blowing sands, low water holding capacity, deficiency of plant  nu t r ien ts ,  
ac id i ty  or bas ic i ty ,  s a l in i ty ,  toxic  chenicals, and s teep slopes and sof t  
spots t h a t  cannot be worked by machinery. 86-89 I n  addition, t a i l i n g s  p i l e s  
a re  mostly located i n  a r i d  climates with short growing seasons. 
t i o n  has been establ ished d i r e c t l y  on uranium m i l l  t a i l i n g s  at t he  "new" 
Ri f le  p i l e ,  Grand Junction, and Durango, and on t a i l i n g s  from other  types 
of ore  processing a c t i v i t i e s .  
and sometimes liming are  required. *" 55 
on t a i l i n g s  may be useful  f o r  temporary dust cont ro l  a t  an operating m i l l ,  
e spec ia l ly  i f  the  operator i s  spr inkl ing anyway. 
on rad ia t ion  hazards other  than blowing dust.  
ag r i cu l tu ra l  experts and mining companies indicate  that it i s  not possible 
t o  develop d i r ec t ly  on t a i l i n g s  a plant  community which w i l l  maintain it- 
se l f  i nde f in i t e ly  without fur ther  a t ten t ion  or a r t i f i c i a l  a i d  such as 
i r r iga t ion ,  and t h a t  other  methods must be used f o r  long-term control.  
Problems encountered include 
86 Vegeta- 
Frequent f e r t i l i z i n g  , watering , 43,55,84,86-88 
Establishment of vegetation d i r e c t l y  
It w i l l  have no e f f ec t  
To date,  r e su l t s  by both 
55,84 
Succulent grasses will a t t r a c t  wildlife;87 deer (Rif le) ,19 antelope 
(Exxon), p r a i r i e  dogs (Grand Junction),  and gophers ( M o n t i c e l l ~ ) ~ ~  are  
seen regular ly  i n  t a i l i n g s  areas.  Presumably, other animals such as 
rabbi t s  and f i e l d  mice nat ive t o  the  area a re  also present.  Burrowing 
animals can dig up covered t a i l i n g s .  
A t  Shiprock, New Mexico, t h e  main t a i l i n g s  p i l e  has been covered with 
rock. While th i s  may not be as e s the t i ca l ly  pleasing as green grass,  a 
rock cover seems t o  be a more permanent solut ion i n  a deser t  environment 
than a vegetative cover which requires i r r i g a t i o n  i n  perpetuity.  Atlas 
Minerals a t  Moab, Utah, has s t ab i l i zed  the  s ides  of i t s  act ive t a i l i n g s  
area with a crushed, l o c a l  red rock which blends well  with the  surroundings. 43 
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Chemical s t a b i l i z a t i o n  of t a i l i n g s  by spraying petroleum derivat ives  
has been t r i ed ,  but i s  expensive and only l a s t s  about a year. 28,55991-93 
The s t ab i l i za t ion  methods used a t  t he  present time a re  regarded by 
Public Health au tho r i t i e s  as interim cont ro l  measures ra ther  than a 
permanent disposal  method. 28'29 All require regular  inspection and 
maintenance when necessary t o  ensure tha t  the  cover remains in t ac t .  28 
9.6.7 Chemical Treatment 
' I  
Tailings can be made l e s s  hazardous by removing the  radium. Laboratory 
t e s t s  have shown t h a t  97 t o  98% of the  radium can be removed by three 
leaches with 3 M "03 at 85°C,94 and 90 t o  93% by leaching with versene 
(tetrasodium ethylenediminetetraacetate ) . 94795y96 It has been reported 
t h a t  95 t o  10% of the  radium can be recovered from Czechoslovakian t a i l i n g s  
by leaching with 1 - N K C 1  or 1 - N NaC1;97 however t h i s  was inef fec t ive  on 
Ambrosia Lake t a i l i ngs .g4  The n i t r i c  acid leach appears t o  be the most 
promising. 
double the cost  of Large quant i t ies  of leaching solut ion are 
required because the  radium i s  associated with the  sparingly soluble ca l -  
cium su l f a t e  which must a lso be dissolved.94 Ni t r i c  acid can be pur i f ied  
by d i s t i l l a t i o n  and recycled, but t he  removal of calcium s u l f a t e  from a 
potassium or sodium chloride s a l t  solut ion does not seem p rac t i ca l .  With- 
out recycle, t h e  disposal  of la rge  volumes of contaminated s a l t  solut ion 
would i t s e l f  have a serious environmental impact. 
Chemical costs  alone for the  versene treatment would more than 
9.7 Radon and Other Gaseous Effluents 
9.7.1 Radon from Tailings 
Radon-222 gas will emanate from the  t a i l i n g s  p i l e  f o r  thousands of 
years unless both the radium-226 parent (ha l f - l i f e ,  1,620 years)  and the  
thorium-230 grandparent (ha l f - l i f e ,  83,000 years)  a re  removed or a radon 
diffusion ba r r i e r  i s  placed over the  p i l e .  The sol id ,  pa r t i cu la t e  
daughters from radon-222 (ha l f - l i f e ,  3.83 days) deposit on dust pa r t i c l e s  
i n  the a i r  and are  a s igni f icant  par t  of the t o t a l  airborne radioactive 
par t icu la tes .  The concentrations of individual radon daughters (polonium- 
210, polonium-218, lead-214, lead-210, and bismuth-214) i n  airborne par- 
t i c u l a t e  samples range from 2 t o  100,000 times the radium concentration 
from wind erosion of t a i l i n g s  (Tables 9.25 and 9.26). 
i s  covered with 6 in .  t o  2 f t  of s o i l  t o  prevent wind and water erosion, 
t h e  radon emanation from the  p i l e  and subsequent d i f fus ion  through the  
s o i l  cover w i l l  provide a perpetual source of both radon gas and a i r -  
borne, pa r t i cu la t e  radon daughters. 
Even i f  the p i l e  
The radon-222 concentration 3 f t  above a t a i l i n g s  p i l e  generally 
ranges from 1 t o  34 pCi/ l i ter* (1 t o  34 x lo-’ l - lC i /ml )  (Tables 9.26, 
9.27, and 9.28). The concentration at 3 f t  i s  highly var iable ,  depending 
on the  amount of wind avai lable  f o r  atmospheric d i lu t ion .  For example, 
a t  S ta t ion  4 at Mexican H a t ,  t h e  24-hr sample col lected during l i g h t  wind 
contained 5.7 pCi of radon-222 per l i t e r ,  while t he  sample co l lec ted  
during 10- t o  20-mph winds contained only 0.7 pCi / l i t e r  (Table 9.26). 
With the  wind constantly moving radon and daughter products away from 
the  p i l e ,  t he  radioactive mater ia ls  do not reach secular equilibrium 
(Table 9.26). 
predominate close t o  the  p i l e .  
short- l ived upper members of t h e  chain will have decayed, leaving pre- 
dominantly lead-210, bismuth-210, and polonium-210 as  the  res idua l  
a c t i v i t i e s .  Most of t h e  da ta  i s  based on grab samples; however, Shearer 
and S i l l 9 8  determined an annual average by co l lec t ing  samples a t  regular 
i n t e rva l s  f o r  a calendar year (Table 9.27). The radon concentrations 
3 f t  above ac t ive  t a i l i n g s  p i l e s  at Grand Junction and S a l t  Lake City 
were 7.8 and 7.2 pCi / l i t e r ,  respectively.  
16 pCi / l i t e r  over dry, unstabi l ized t a i l i n g s  a t  Durango, and 3.5 pCi / l i t e r  
over t a i l i n g s  at Monticello, which had been covered with 2 f t  of s o i l .  
The radon concentration a t  - four  s t a t ions  located one-half mile from the  
Grand Junction p i l e  averaged 1.9 pCi / l i t e r .  
located one-fourth mile from the  p i l e ,  averaged 1 .4  pCi / l i t e r .  
off -p i l e  s t a t ions  averaged approximately background, which w a s  about 0.4 
pCi / l i t e r  at Durango, S a l t  Lake City, and Monticello, and probably 0.83 
pCi / l i t e r  i n  Grand Junction. 
Radon and the  upper members of t he  chain a re  expected t o  
A t  g rea te r  distances from the  p i l e ,  the  
The radon concentration was 
One s t a t i o n  at Durango, 
A l l  o ther  
Unfortunately, Shearer and S i l l  d id  not 
* M R  f o r  radon-222 leaving the.boundary of a r e s t r i c t e d  a rea  i s  3 
pCi / l i t e r  (3 x lo-’ uCi/ml) above background. 
1 pCi / l i t e r  
The ICRP recommends a 
hit f o r  continuous exposure t o  individuals i n  the  general  
population. s8’ 
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measure several  important parameters, such as the  areas of wet and dry 
t a i l i n g s  a t  the  act ive mi l l s  and the radium concentration i n  the  upper 
layers  of the  p i l e .  Consequently, t h e i r  data  cannot be extrapolated 
t o  other  t a i l i n g s  p i l e s  by using the  diffusion theory. 
Other than the environmentalmonitoring, no s tudies  have been made 
concerning the  diffusion of radon i n  t a i l i n g s  p i l e s .  However, re la ted  
work has been done on the  diffusion of radon through the  ground because 
of i n t e r e s t  i n  the  radon emanation method of uranium prospecting i n  the  _ 
Soviet Union." Kraner e t  a1.'O0 have shown t h a t  the steady-state d i f -  
fusion of radon from na tu ra l  sources i n  alluvium s o i l  at Yucca F l a t s  can 
be described mathematically by an equation derived from diffusion theory. 
I n  the  model, the s o i l  i s  viewed as a matrix of impermeable s o l i d  par- 
t i c l e s  containing a maze of cap i l l a r i e s  through which the  diffusion takes 
place. 
A t  x = 0, i . e . ,  t he  surface, the  equation reduces t o  
where* 
J = radon f lux  across a s p a t i a l  area or t o t a l  sect ion of the  (4 
bulk medium, 
D = ef fec t ive  diffusion coef f ic ien t  f o r  radon through the e 
f l u i d  (air, water, e t c . )  i n  t he  void spaces between 
the  so l id  p a r t i c l e s ,  
X = decay constant of radon-222 = 0.692/half-life = 2 . 1  x 
v = void f rac t ion ;  the  f r ac t ion  of the  t o t a l  volume which i s  not 
sec, 
occupied by so l id  p a r t i c l e s  ( t h i s  i s  of ten  ca l led  the  poro- 
s i t y  "-lo1 and should not be confused with the  porosi ty  of 
an individual  p a r t i c l e  ) , 
some of t h e  symbols used by Kraner e t  aL1O0 have been changed t o  
c l a r i f y  the  meaning of the  terms. 
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Cv = concentration of radon i n  t h e  voids ( i n t e r s t i c e s )  between 
t h e  pa r t i c l e s ,  and 
x = distance from t h e  in te r face  in to  the  medium containing the  
radon source. 
The negative sign means t h a t  t he  d i f fus ion  proceeds i n  t h e  opposite 
d i rec t ion  from t h e  measurement of x. 
e The term I'De", as it has been defined here, i s  t he  same as the  k 
A s  they have pointed out, t he  diffusion coef f ic ien t  used by Culot e t  a l .  
i n  t h e  review a r t i c l e  by Tanner" includes the  porosi ty  (i. e. ,  void 
f r ac t ion )  so t h a t  
DKraner - ke Culot - - e 
D 
- - -  
DTanner v porosi ty  porosi ty  ' 
This has caused some confusion, especial ly  when the  Tanner and Kraner 
papers were published consecutively i n  t h e  Proceedings. 
diffusion coef f ic ien t  f o r  a f l u i d  i n  the  voids of a so l id  matrix w i l l  be 
lower than f o r  t h e  same f l u i d  as a continuous medium because of t he  many 
"blind al leys"  i n  the  cap i l l a ry  s t ruc ture .  
radon i n  dry sand i s  about 2 / 3  the  value i n  a i r  (Table 9.29). 
fusion coef f ic ien t  f o r  a i r  i s  lo4 times the  coef f ic ien t  i n  water. 
small amounts of moisture cause a considerable decrease i n  the  e f fec t ive  
diffusion coef f ic ien t  f o r  sands and s o i l s .  
dry sand i s  6.8 x lo-" cm"/sec. 
5.0 x f o r  s o i l  with 37% moisture (mud), it i s  5.7 x (Table 9.29). 
Since t h e  radon flux on the  surface i s  d i r e c t l y  proportional t o  the  square 
root of t he  e f fec t ive  diffusion coef f ic ien t  [ E q .  (2)], it i s  important t o  
know t h e  moisture content. Dry uranium ore  t a i l i n g s  can be expected t o  
re lease -100 times as much radon as wet t a i l i n g s .  
a t t r i bu ted  t h e  high radon values over t h e  Durango p i l e  t o  t h e  f a c t  t h a t  
t h e  p i l e  w a s  s i t e d  against  a mountain so t h a t  a l l  the  radon emanated 
from one side.  It i s  a l so  possible t h a t  t he  Durango values a re  high be- 
cause t h e  p i l e  had been inac t ive  f o r  4 years a t  t he  time of t he  survey 
and may have had a la rger  area of dry t a i l i n g s  than e i the r  t he  Grand 
Junction or Sa l t  Lake City p i l e s ,  where the  act ive m i l l s  were pumping 
The ef fec t ive  
For example, t h e  De/v of 
The dif-  
Even 
For example, t he  D,/v f o r  
I n  sands containing 1% moisture, it i s  
98 Shearer and S i l l  
l i q u i d  e f f luent  t o  the  t a i l i n g s  area. 
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The term "CV", t he  concentration of radon i n  t h e  voids between the  
pa r t i c l e s ,  i s  r e l a t ed  t o  t h e  radium content of t h e  tailings by: 
E Ct c = -  
V v '  
where 
E = emanation coeff ic ient  ( the  f r ac t ion  of the  t o t a l  radon t h a t  
escapes the  so l id  pa r t i c l e s  and i s  f r e e  t o  migrate),  
C = a c t i v i t y  of radium i n  t h e  so l id  t a i l i n g s  per  un i t  volume of t 
the  bulk medium = a c t i v i t y  of radium per  gram t a i l i n g s  x 
gram t a i l i n g s  per em3 of t h e  bulk medium, and 
v = void f rac t ion .  
The emanation coef f ic ien t  i s  a measure of t he  probabi l i ty  t h a t  a r e c o i l  
radon atom w i l l  enter  a void where it is f r e e  t o  migrate, ra ther  than 
being trapped i n  a s o l i d  pa r t i c l e .  
pores i n  the  t a i l i n g s  pa r t i c l e s  could vary from ore t o  ore, there  i s  no 
reason, necessarily,  t o  expect the  emanation coef f ic ien t  t o  be t h e  same 
f o r  a l l  t a i l i n g s  p i l e s .  The emanation coeff ic ient ,  E, f o r  t he  sand 
f r ac t ion  of Grand Junction t a i l i n g s  has been measured experimentally as 
0.2. Congo ore  t a i l i n g s  processed by Mallinckrodt re ta ined an 
estimated 50 t o  9% of t h e  radon based on gamma surveys. lo' 
void f rac t ions  and weights of so l id  t a i l i n g s  per un i t  volume of the  bulk 
medium are  shown i n  Table 9.30. The f i n e r  a lkal ine t a i l i n g s  have a 
higher void f r ac t ion  than do t h e  coarser ground acid leach t a i l i n g s .  
Since t h e  number of f i s s u r e s  and 
Typical 
The surface of a t a i l i n g s  p i l e  i s  not a t  steady s t a t e .  Kraner has 
f i t t e d  t h e  steady-state Eq. (1) t o  t h e  experimental da ta  f o r  s o i l  depths 
of 3 f t  and greater ,  but i n  the upper 6 t o  12 in .  of s o i l  t h e  apparent 
d i s t r ibu t ion  coef f ic ien t  was 3 times higher. loo 
mining the  f lux  a t  t h e  surface must, therefore,  be regarded as a crude 
approximation. Solutions have been developed f o r  estimating the  radon 
however, there  a re  
Equation ( 2 )  f o r  deter-  
emanation under nonsteady-state conditions ; 101,103 
meteorological var iables  whose e f f ec t s  can only be determined experi- 
mentally. 
atmosphere with convective overturning w i l l  deplete radon from upper 
Kranerlo0 observed t h a t  strong winds or a thermally unstable 
s o i l  layers ,  i . e . ,  increase the  radon emanation. Precipi ta t ion w i l l  
reduce t h e  radon diffusion.  
w i l l  reduce t h e  surface radon f lux  by 4% compared with s tab le  s m e r  
conditions, while an i c e  cap w i l l  t r a p  almost all the radon i n  the  s o i l .  
Freezing moist ground t o  a depth of  6 i n .  
100 
The diffusion of radon from a plane source (an ore body or a t a i l i n g s  
p i l e )  through a medium which does not contain a source (an ear th  cover) 
can be described by: 99 , 101  
where 
= radon concentration a t  a distance x from the  plane source, (d C 
C = radon concentration i n  the  plane source, and 
P 
x = depth of the  cover. 
The const ants  were defined e a r l i e r .  
Diffusion theory predictions of the at tenuat ion i n  the  radon emanation 
by covering the  t a i l i n g s  p i l e  a re  given i n  Table 9.31. 
building sand with 4% moisture o r  Yucca F la t s  s o i l ,  a re  probably the  best  
models f o r  a near deser t  environment (6 t o  8 in .  annual prec ip i ta t ion)  
l i k e  New Mexico o r  Grand Junction, Colorado. Column 3, f i n e  quartz sand 
with 15% moisture,provides a reasonable f i t  with the  experimental da ta  
f o r  the pile at Monticello, Utah (annual precipitation, 14 in. ; 7,050-ft 
elevat ion)  
the  annual prec ip i ta t ion  i s  about 14 in.  It i s  obvious from Table 9.31 
t h a t  t h e  6-in. soil cover cornonly used today does l i t t l e  t o  reduce the  
emanation of radon. To reduce t h e  radon release by a f ac to r  of 10 would 
require  at l e a s t  a 5 - f t  cover i n  Wyoming and a 10-ft  cover i n  New Mexico. 
Reduction by a f ac to r  of 100 would require  a t  least a 10-f t  cover i n  
Wyoming and 20 f t  or more i n  New Mexico. 
sand. 
in.  of mud i s  roughly equivalent t o  20 f t  of s o i l  i n  Wyoming o r  40 f t  of 
s o i l  i n  New Mexico. 
Columns 1 or  2, 
86 and may also be representat ive of p i l e s  i n  Wyoming where 
Clay i s  superior t o  s o i l  o r  
The f igures  f o r  mud show the  benef ic ia l  e f f ec t  of water, i . e . ,  6 
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A rough cor re la t ion  f o r  t h e  Monticello p i l e  between the  attenuation 
calculated from di f fus ion  theory and t h e  environmental monitoring data  of 
Shearer and S i l l  can be madeeg8 The annual average radon concentration 
over t h e  s t ab i l i zed  Monticello p i l e  w a s  3.5 pCi / l i t e r .  
available f o r  t he  Monticello p i l e  before s t ab i l i za t ion ,  a rough estimate 
can be made from the  three  uncovered p i l e s  since the  radium concentration 
was about t he  same i n  each case. The radon concentration over t he  dry, 
unstabi l ized Monticello p i l e  must have been grea te r  than t h e  7.5 pCi / l i t e r  
While no data  a re  
measured at the  act ive p i l e s  i n  Grand Junction and S a l t  Lake City, which 
would have had la rge  areas of wet t a i l i n g s .  
t he  16.0 pCi / l i t e r  measured a t  t he  Durango p i l e ,  which i s  s i t e d  i n  a 
narrow va l ley  where atmospheric d i lu t ion  would be l e s s .  Therefore, the  
radon at tenuat ion achieved by s t ab i l i z ing  t h e  Monticello p i l e  was : 
It was probably l e s s  than 
(4 3.5 0.47 > & >  0.22 . L - C 
P 
m ’ Or 3.5 > -> 7.5 cp 
Actually there  were two covers placed on the  Monticello p i l e .  The f i r s t  
was  a 2- t o  4-ft  cover of t a i l i n g s  sand over t he  slimes, followed by a 
2-ft  s o i l  cover over t h e  en t i r e  pile.81 Assuming t h a t  t he  t a i l i n g s  com- 
posi t ion i n  Table 9.6 i s  representative of t he  Monticello p i le ,*  then 
before s t a b i l i z a t i o n  65% of the  surface would have been covered with 
+325 mesh sands containing an average of 933 dpm/g of radium and 35% of 
t h e  surface would have been a -325 mesh slimes pond containing 5,957 
d P / g  . 
moisture would give a radon a t ten tua t ion  of 0.42 i n  t h e  slimes area and 
0.67 f o r  the  ove ra l l  p i l e .  The 2 - f t  s o i l  cover with 15% moisture provides 
an addi t ional  a t ten tua t ion  of 0.51. Therefore, t h e  ne t  radon a t ten tua t ion  
estimated from diffusion theory f o r  the two-step s t ab i l i za t ion  of t he  
Monticello p i l e  i s  0.27, which i s  i n  agreement with t h e  0.47 > C 
0.22 estimated from environmental monitoring. 
Covering t h e  slimes with 3 f t  of t a i l i n g s  sand containing 15% 
/C > (d P 
- I  
*While t h e  reference fo r  Table 9.6 does not exy l i c i t l y  s t a t e  t h a t  these 
were Monticello t a i l i n g s ,  most of t he  other  work i n  t h e  report  was done 
i n  cooperation with t h e  Monticello m i l l .  
9.7.2 Radon from t h e  M i l l  
The amount of radon gas re leased during mil l ing operations has not 
been reported. 
alpha i s  l o s t  during mil l ing as radon and subsequent short- l ived daughters. 
However, t h e i r  mater ia l  balance did not close,  and t h i s  value appears t o  
be high. 
radon i s  l o s t  during mil l ing by comparison of t h e  bismuth-214 growth curves 
for crushed uranium ore and leached ore samples. lo5 Seeley points  out t ha t  
i n  order t o  accurately determine the radon los s  he would need samples of 
f r e sh ly  crushed ore ,  ground ore,  and t a i l i n g s  sealed a t  t he  m i l l .  Analysis 
f o r  radon daughters i n  a i r  samples col lected inside one m i l l  i n  September 
1967 showed 0.27 WL at the  top  of t h e  ore bins,  0.26 WL near the  rod m i l l ,  
0.16 ML near t he  c l a s s i f i e r s ,  and 0.03 WL around the  leach tanks. lo6 The 
other  13 samples were l e s s  than 0.01 WL. lo6 As might be expected, most of 
t h e  radon was released during the  crushing and grinding operations, and 
from t h e  ore bins. 
Tsivoglou and O'Connell postulated t h a t  24% of the  gross 
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Seeley has estimated very roughly tha t  probably about 1% of the  
9.7.3 Nonradioactive Gases 
The usual  e f f luents  from burning fue l s  for heat and vehicle exhausts 
will be released. Some ammonia i s  released i f  t h e  m i 1 1  uses an m o n i a  
p rec ip i t a t ion  c i r c u i t ,  and some su l fur  dioxide i f  it has a su l fu r i c  acid 
manufacturing plant .  M i l l s  processing vanadium ores use higher leaching 
temperatures and may release t r aces  of su l fu r i c  ac id  m i s t ;  i n  general, 
however, there  i s  very l i t t l e  acid m i s t  as evidenced by the  absence of 
corrosion. 
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a lka l ine  leach m i l l )  
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Table 1.1. Summary of Variables of Radwaste Treatment Systems f o r  Model Uranium Millsx 
Airborne ( m i l l  processes only)  
Objective Control process dust I Reduce o r e  dust r e l ease  Reduce ore dust r e l ease  
by 3 and yellow cake 
dust  r e l ease  by 4 
by 13 and! yellow cake 
dust  re lease by 10 
I Wet impingement Low energy ven tu r i  
! 
Same as  Case 6a Same as Case 4a Reduce o r e  dust r e l ease  
by 105 and yellow ake 
dust r e l ease  by 10 
Reduce ore dust  r e l ease  
by 65 and yellow c 
dust  r e l ease  by 10 E Pe 
Same as Case 6a Reduce radon r l ease  from 
t h e  m i l l  by 1$; o r e  dust 
r e l ease  by 10 , an yellow 
cake r e l ease  by 10 t 
Reduce o re  dus t  r e l ease  
by 65 and yellow cake 
dust r e l ease  by 20 
Treatment 
Ore dusts  Or i f i cc  Reverse J e t  bag f i l t e r ;  
windbreak around o r e  
yard 
Same as  Case 4a Same as Case 4a Reverse j e t  bag f i l t e r ;  
HEPA f i l t e r ;  windbreak 
around o r e  yard 
Same as Case 6a Same as Case 6a B a g  f i l t e r ;  HEPA f i l ter ;  
charcoal  delay t r a p ;  
windbreak around o r e  yard 
Yellow cake dust Wet impingement Low energy ventur j  
Same as  Case 1 
Same as  Case 4a 
Same as Case 4a 
High energy ventur i ;  
HEPA f i l t e r  
Same as Case 4a 
Same as Case 5 
Same as  Case 6a 
Same as Case 5 Medium erkrgy ven tu r i  High energy ven tu r i  Same as  Case 5 Same as Case 5 
'Liquid 
Objective Reduce sebpage of radio-  
isotopes by 5 
Zero l i q u i d  r e l ease  t o  
s u r f i c e  waters ;  1% 
seepage from t h e  t a i l i n g s  
pond ?f radioisotopes 
dissolved i n  l i q u i d  
e f f l u c n t  s 
Natural evaporation from 
t a i l i n g s  pond; seepage 
t o  ground; 10-f t -high 
s t a r t e r  dam of na t ive  
ma te r i a l ;  dam r a i s e d  
with t a i l i n g s  
Zero l i q u i d  r e l ease  Reduce seepage of 
radioisotopes by 103; 
recycle  ac id  and water 
Same as  Case 4a Reduce seepage 3f radio-  
isotopes by 100 
Same as Case 6a Metal e v a p r a t o r  and 
r e c t i f i e r  column 
same as Case 4a Treatment Same as  Case 1 Natural  evaporation from 
pond; s i t e  s e l ec t ed  f o r  low 
seepage through bottom; 
e a r t h  dam' with c l ay  core 
I 
Acidic e f f l u e n t s :  l ime 
neu t r a l i ze ;  a l k a l i n e  
e f f l u e n t s :  copperas 
p r e c i p i t a t i o n ;  na tu ra l  
evaporation from pond 
sealed on bottom and 
s ides  with 5/16-in. 
asphal t  membrane 
Same as  Case 4a same as Case 4a Metal evaporator 
I 
Sol id  
Objective Eliminate windblown t a i l i n g s  
dust  a f t e r  m i l l  c lo ses  and 
reduce surface water leaching 
of t a i l i n g s  
Eliminate windblown t a i l i n g s  
dust  while m i l l  i s  ac t ive  and 
increase p robab i l i t y  t h a t  
t h e  long-term t a i l i n g s  cover 
w i l l  remain i n t a c t  
F ix  so l id s  i n  a form 
l e s s  leachable  by 
underground waters;  
reduce radon emanation 
by 1000 
Alternate  method of 
reducing radon emanation 
by 40 without deep 
b u r i a l ;  decrease l each  
r a t e  of s o l i d  by l o l o  
Fix so l id s  i n  a form 
l e s s  leachable  by 
underground waters ; 
reduce radon emanation 
by 160 
Same as Case 6a Same as Case 6a Reduce radon emanation 
by 50,000; lower leach  
r a t e  of s o l i d s  by lolo 
same as Case 4a 
Reduce radon emanation from 
t a i l i n g s  by 4; e l iminate  
penetrat ion of t a i l i n g s  by 
vegetat ion o r  su r face  runoff 
On-site waste d i sposa l  
wliich permits some su r face  
, ~ ~ ; e  of land;  reduce radon 
cw.nation by 40 
Treatment 
Basic 
I 
Tai l ings  !impoundment; dam 
of nat ive ma te r i a l s  and 
compacteEaj c l ay  core;  divers ion 
d i t ches  znd dikes  t o  bypass 
surface runoff: s i t e  s e l ec t ed  
Ta i l ings  p i l e ;  10 - f t -  
high s t a r t e r  dam of 
na t ive  ma te r i a l s ;  dam 
ra i sed  with t a i l i n g s  
Sand/ s lime separat ion ; 
incorporate  sl imes and 
evaporator concentrates  
i n  cement (1 p a r t  cement 
t o ;  20 p a r t s  t a i l i n g s ) ;  
cemented product t o  
l a n d f i l l  or mine; washed 
sand t o  l a n d f i l l  or mine 
Sand/slime separat ion;  
incorporate  sl imes and 
evaporator concentrates  
i n  a spha l t ;  asphal t  
product t o  l a n d f i l l  or 
mine; washed sand t o  
l a n d f i l l  or mine 
Subs t i t u t ion  of n i t r i c  
a c i d  l each  f o r  conven- 
t i o n a l  s u l f u r i c  a c i d  
l each ;  incorporate  
evaporator concentrates  
i n  a spha l t ;  tai l ings t o  
a Case 2 type impound- 
ment. 
Same as  Case 1 Ta i l ings  impoundment the  
same as Case 3 except 
t he  bottom and s ides  a re  
l i n e d  with a 5/16-in.- 
t h i ck  asphal t  membrane 
Same as  Case 4a Slurry with cement and 
pump t o  l a n d f i l l  o r  mine 
l i n e d  with 5/16-in. 
asphal t  f o r  d i sposa l  as 
cemented product (1 p a r t  
cement t o  20 p a r t s  t a i l i n g s )  
Cover, m i l l  a c t i v e  
Cover, f i n a l  
None A l l  t a i l i n g s  e i t h e r  Under 
pond water or covered 
temporar i ly  with a chemical 
spray or mine waste 
Two-foot e a r t h  cover topped 
with rock or vegetat ion 
Cover with f i n a l  cover 
as1 mi l l i ng  proceeds 
Same as Case 6a Cover with f i n a l  cover 
as mi l l i ng  proceeds 
Same as  Case 2 Same as Case 2 Same as  Case 2 None 
Same as Case 4a 
I 
Eight-foc; ea r th  cover 
topped with rock o r  
Same as Case 4a Six-inch ea r th  cover topped 
with rock o r  vege ta t ion  
Twenty-foot ea r th  cover 
topped with rock or 
vegetat ion 
5/16-in. asphal t  
membrane and 2 - f t  ea r th  
cover topped with rock 
o r  vegetat ion 
Same as  Case 4a Twenty-ft e a r t h  cover 
over evaporator con- 
c e n t r a t e s  incorporated 
i n  a spha l t ;  2 - f t  e a r t h  
cover over tailings; 
both topped by rock 
o r  vegetat ion 
1- in .  asphal t  membrane 
and 2 - f t  e a r t h  cover 
vegetat ion topped by rock or 
.. 
vegetat ich 
* 
i 
A l l  cases  apply t o  both s u l f u r i c  ac id  and a lka l ine  leach m i l l s  except where indicated.  
I 
I 
a 
Table  4.1. Chemical Consumption f o r  Model Uranium M i l l s  
l b / t o n  o f  Ore 
So lven t  E x t r a c t i o n  A l k a l i n e  Leach 
Acid Leach- 
S u l f u r i c  Acid 
Sodium C h l o r a t e  
Ammonia 
F l o c  c u l a n t  
Amine ( l o n g  c h a i n )  
Ale ohol 
Kerosene 
I r o n  ( r o d s  f o r  g r i n d i n g )  
Sodium Carbonate 
Sodium Hydroxide 
Potassium Permanganate 
F i l t e r  Aid 
9 .OE+1 
2 . 7 ~ 0 0  
2.lEoo 
1 .2E-1  
3.OE-2 
7.OE-2 
9 .OE-1  
5 .OE-1  
- 
- 
2.OE-2 
- 
5.OE-1  
2 . 6 ~ 0 0  
2 . 5 ~ + 1  
7 . 5 ~ 0 0  
5.OE-2 
See Table  9 . 2 1  for S p r i n g  1973 survey o f  chemica l  consumption a t  
uranium m i l l s .  
a 
Table 4.2. Airborne Uranium M i l l  Radwaste - Assumptions Used i n  Source Term Calculat ions 
(Assumptions based on survey Sects .  9.3.2, 9.3.3, 9.4, and 9.7.2) 
and Design Basis f o r  Cost Estimates 
Ore Dusts 
Crusher, screens,  conveyors, e t c .  
Processing r a t e  
Operating time 16 hr/day, 365 days/yr (Table 9.9) 
Airflow: Cases 1 t o  6 20,000 cfm (Table 9.9) 
125  tons/hr (Table 9.9) 
Case 7 3,000 cfm 
Ore Bins 
Operating time 
Airflow: Cases 1 t o  6 2,000 cfm 
24 hr/day, 365 days/yr 
Case 7 500 cfm 
Tota l  dust  load t o  t h e  c o l l e c t o r s :  a 320 lb/day (ca lcu la ted  from estimated 
of a m i l l  running a 6% moisture ore ,  Table 9.12) 
oY6T~-iCof-':' U/lb i n  secular  eauilibrium with 
ore  l o s s  
338 . _ _ _ _ _ ~  ____-._ ____-- 
A F f i . i % n f  -dEt  
13 radioact ive daughters (Fig. 9.1, Table 9 .2) .  
Dust assumed t o  contain 2.4 times as much a c t i v i t y  
as t h e  m i l l  feed. (Table 9.12; supporting evi-  
dence i n  Tables 9.4-9.8) 
P a r t i c l e  s i z e  of dust  
Stream t o  t h e  dust c o l l e c t o r s  
M i l l  e f f l u e n t  
Uranium Concentrate Dusts 
Processing r a t e  
Oper a t  ing time 
Airflow: Cases 1 t o  7 
Dust load t o  t h e  c o l l e c t o r :  a 
A c t i v i t y  of dust  
Acid leach m i l l  
Alkaline leach m i l l  
P a r t i c l e  s i z e  of dust  
Stream t o  t h e  dust c o l l e c t o r  
M i l l  e f f l u e n t  
Radon Gas 
Eff ic ienc ies  of Radwaste Treatment Methods 
Treatment Method 
Wet Scrubbers 
Or i f ice  ( b a f f l e ,  self-induced spray deduster)  
Wet impingement ( i r r i g a t e d  t a r g e t ,  per fora ted  p l a t e )  
Venturi  plus  mist  separator  
Low energy 
Medium energy 
High energy 
Bag F i l t e r :  reverse  j e t  
HEPA f i l t e r  
Charcoal delay t r a p  + HEPA f i l t e r  
Same as Stairmand's "standard i n d u s t r i a l  s i l i c a  
dust"  (Tables 9.14-9.16) 
a 0  u 
7,300 I b  U308/daY 
24 hr/day, 365 days/yr 
4,500 cfm (Table 9.10) 
91 lb/day (ca lcu la ted  from average U 0 
0.02% reported by m i l l s ,  p lus  a 25% Zagety f a c t o r ,  
Table 9.13). 
(Table 9.10) 
l o s s  of 
238U: 128 uCi/lb 
230Th: 
226Ra: 
6 .4  yCi/lb (5% of 238rr, Sect .  9.3.2) 
0.26 vCi/lb (0.2% of 238U, Sect .  9.3.2) 
Other: negl ig ib le  (Sect.  9.3.2) . .  . 
238U: 128 uCi/lb 
226Ra: 
Other: negl ig ib le  (Sect.  9.3.2) 
2.6 yCi/lb (2% of 238U, Sect .  9.3.2) 
Same as Stairmand's "standard i n d u s t r i a l  s i l i c a  
dust (Tables 9.14-9.16) 
<lo il 
51.5 UCi/ton of ore;  re leased from ore' by crushing 
and grinding operations (Sect.  9.7.2) 
Eff ic iency Eff ic iency 
Average of of 
Pressure Dust Radon 
Drop, Col lect  o r ,  Removal, 
in .  HpO 2
6.1b 93. 6b 0 
6.1b 97. 9b 0 
l2. 5b 99. 5b 0 
20. ob 99. 7b 0 
31. 5b 99. Sb 0 
3.0b 99. Sb 0 
6 t o  10' 99. 95c 0 
99. 95c 99.9 
?Dust load r e f e r s  t o  dust t r e a t e d  by t h e  scrubber or f i l t e r  and does not include p a r t i c u l a t e s  which s e t t l e  i n  
b C .  J. Stairmand, The Chemical Engineer I&, CE 322 (December 1965). 
t h e  duct system. 
C C .  A. Burchsted and A. B. Fu l le r ,  Design, Construction, and Testing of High Eff ic iency A i r  F i l t r a t i o n  Systems 
f o r  Nuclear Application, ORNL-NSIC-65 (January 1970), p. 3.1. 
I 
Table 4.3. Airborne Radwaste Treatment Cases fo r  Model Uranium Mills, Ore Dusts and Radonajb 
( M i l l  Processes Only - Tailings Area Not Included) 
Radon-222 Gas 
Dusty Ore Containing 6$ Moisture 
Maximum 
Adult h g  
Dose a t  0.5 
Mile from 
New Mexico 
Maximum Adult Dose at 0.5 Mile 
from New Mexico M i l l ,  
lo@ Food Inge t i o n  
Treatment Cost 8 Ore Dust Release (memlyr ) 
Total Release M i l l e  Capital  Annual 
1 Orifice or baffle 20.5 4.523-3 18.0 192.0 19.6 37 4.43-1 91f 31f 
Venturi: low energy 1.6 3.533-4 1 . 5  15.0 1.5 37 4.43-1 164f 61f 
4 Reverse j e t  bag f i l t e r  0.32 7. 063-5 2.93-1 3.0 3.l.E-1 37 4.4E-1 320fjg 10Tf 
Reverse j e t  bag f i l t e r  0.32 7. 06E-5 2.93-1 3.0 3.m-I. 37 4.4E-1 3%Of' @; 107f' 5 
6 Reverse j e t  bag f i l t e r  1.63-4 3.533-8 1.53-4 1.53-3 1.53-4 37 4.4E-1 646f @; 214f"g 
7 Ba.g f i l t e r  + charcoal 1.6E-4 3.53E-8 1.53-4 1.53-3 1.53-4 0.37 4.43-3 5,545"' 1,381"' 
w (ci/yr) (mrem/yr) ($1000) ($1000) Case Par t icu la tes  2386  
2 Wet impingement 6.7 1.483-3 5.8 62.8 6 .4  37 4.43-1 l0Sf 37f 
No. Treatment (lb/day) (c i /yr )  BOW Bone 
3 
w- 
t HEPA f i l t e r  
delay t r a p  + HEPA 
f i l t e r  
'Assumptions l i s t e d  i n  Table 4.2. 
bSee Tables 9.9 and 9.12 for spring 1973 survey of dust control practices i n  the uranium milling industry.  
'In secular equilibrium with 13  radioactive daughters (Fig. 9.1).  
'Max i rum doses at the  Wyoming s i t e  are 81% of those a t  t he  New Mexico s i t e .  
eMaximm doses a t  t he  Wyoming s i t e  are 5% of  those a t  t he  New Mexico site. 
f 2 2 , ~ 0 0 - c f i  airflow. 
gIncludes $10,000 c a p i t a l  or $3,000 annual cost  fo r  windbreaks around ore unloading yard. 
h3,500-cfm airflow. 
Table 4.4. Effect of Moisture Content of Ore on Ore Dust Emissions from Model U r a n i u m  Millsa’b 
Ore Dust Release 
(c i  of 2 3 8 ~ / y r ) ~  
9-1% 
Moisture 
Case 6% % 
No. Type 3f Dust Collector Moisture Moisture 
0 None N.A. N.A. 8.763-4 
1 Orif ice  o r  baf f le  scrubber 4.523-3 5.953-4 5.1lE-5 
2 Wet impingement scrubber 1.483-3 1.693- 4 1.753-5 
3 Iaw-energy ventur i  scrubber 3.533-4 4.OlE-5 4.383-6 
4 Reverse j e t  bag f i l ter  7.063-5 8 . 0 7 ~ - 6  8 . 7 6 ~ - 7  
Maximum Adult Dose a t  0.5 Mile from New Mexico M i l l ,  10% Food Ingestion 
(mem/yr ) d  
Total Body Bone 
9,-1% % 8% 9-1% 
Moisture Moisture Moisture 6% % Moisture Moisture Moisture 
N.A. N.A. 3.5 N.A.  N.A. 37.1 
18.0 2.4 2.03-1 192.0 25.3 2.2 
5.8 6.83-1 7.OE-2 62.8 7.2 7.43-1 
1 . 5  1.63-1 1.73-2 15.0 1.7 1.93-1 
2.93-1 3.23-2 3.53-3 3.0 3.43-1 3.7E-2 
aCalculated from ore dust losses  estimated by th ree  m i l l  operators (Table 9.12), using model m i l l  assumptions (Table 4.2). 
bThe long-term trend i s  toward wet ( i . e . ,  9 - 1 4  moisture) ores. 
‘In secular  equilibrium with 13 radioactive daughters. 
dMaximum doses at the  Wyoming s i t e  a r e  81% of those at  t h e  New Mexico s i t e .  
N.A. = not applicable; m i l l s  processing 6 t o  moisture ores  use dust col lectors .  
t I k 
Table 4.5. Airborne Radwaste Treatment Cases f o r  Model Uranium Mills, Yellow Cake Dustsa'b'c 
Maximum Adult Dose at 0 .5  Mile fTom New Mexico M i l l ,  100% Food Ingestion 
Acid Leach-- 
Dust Release Solvent Extraction M i l l  Alkaline Leach M i l l  Treatment Costs 
2 3 8 6  Total Total  Capi ta l  Annual 
Bone m Body Bone Lung ($1000) ($1000) 
Case "308 
No. Treatment (lb/day ) (c i /yr)  Body 
Wet impingement 1.82 8.543-2 2.2 40.4 9.3 7 .3  73.5 15.2 36 12 1 
2 Venturi: low energy 0.46 2.153-2 5.5E-1 10 .1  2.3 1.8 18.4 3.8 50 19 
Venturi: medium energy 0.18 8.40E-3 2.23-1 4.0 9.l.E-1 7.2E-1 7.2 1 . 5  3 
4 Venturi: high energy 0.09 4.383-3 1.l.E-1 2 . 1  4.7E-1 3.7E-1 3.7 7.8E-1 
53 
58 
P cn 
4 
23 
29 
5 - ' I  Venturi: high energy 4.6E-5 2.15E-6 5.5E-5 1.OE-3  2.3E-4 1.83-4 1.83-3 .3.8E-4 132 51 
+ HEPA f i l t e r  
"Assumptions l i s t e d  i n  Table 4.2. 
b"Average" m i l l  re leases  = 4 . 8 0  times these maximum releases. 
'See Tables 9.10 and 9.13 fo r  spring 1973 survey of dust control  practices i n  the uranium milling industry. 
'Other radioact ive materials released as impurities i n  t h e  yeliow cake are  l i s t e d  i n  Tables 4.6-4.9. 
%aximUm doses a t  t he  Wyoming. s i t e  are  81% of those a t  t he  New Mexico s i t e .  
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Table 4.6. Airborne Source Terms fo r  Model Acid Leach-Solvent Extraction U r a n i u m  M i l l  
and Active Tai l ings Area i n  New Mexico Near End of 20-yr Life of Model M i l l  - 
Calculated Release of Radioactive Materials 
210R *loPo, 
and 'I%, 222R, Source 'nat 226Ra 230Th 234Th Each 
Case 1 
Ore Crusher and Bins 
Y e l l o w  C a k e  
Tai l ings Pond 
T a i l i n g s  Beach 
0-10 u 
10-80 u 
Total  
Case 2 -
O r e  Crusher and Bins 
Yellow Cake 
Tai l ings Pond 
Tai l ings Beach 
T o t a l  
Case 3 
O r e  Crusher and B i n s  
Yellow Cake 
Ta i l ings  Pond 
Tai l ings Beach 
T o t a l  
Case 4 
Ore Crusher and Bins  
Y e l l o w  Cake 
Ta i l ings  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 5 
O r e  Crusher and B i n s  
Y e l l o w  Cake 
T a i l i n g s  Pond 
Tai l ings Beach 
T o t a l  
Case 6a and 6b 
Ore Crusher and Bins 
Y e l l o w  Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 6c 
Ore Crusher and Bins  
Yellow Cake 
T a i l i n g s  Pond 
Tai l ings Beach 
To ta l  
Case 7 
Ore Crusher and Bins 
Yellow Cake 
Tai l ings Pond 
T a i l i n g s  Beach 
Tota l  
4.53-3 
8.5E-2 
1.23-4 
2.83-4 
9.03-2 
1.5E-3 
2.23-2 
4.53-3 
1.7E-4 
1.33-3 
3.OE-3 
9.OE-3 
1.53-3 
4.33-5 
2.43-2 
3.53-4 
8.43-3 
- 
8.83-3 
7.m-5 
4.43-3 
- 
4.53-3 
7.m-5 
2.23-6 
7.33-5 
3.53-8 
2.23-6 
- 
2.23-6 
3.53-8 
2 . 2 ~ - 6  
2.23-6 
3.53-8 
2.23-6 
- 
2.23-6 
1.53-3 
3.5E-4 
1.7E-5 
4.53-3 
4.73-3 
1.43-3 
3.33-3 
1.4E-2 
1.53-3 
1.13-3 
- 
2.63-3 
3.5E-4 
4.23-4 
4.53-3 
4.73-3 
1.23-4 
2.83-4 
9.63-3 
1.5E-3 
1 .U-3  
- 
2.63-3 
3.53-4 
4 . 2 ~ - 4  
3.73-4 
7.13-5 
8.83-6 
~ 
8.OE-5 
7.16-5 
4.33-9 
7.73-4 
7.33-5 
2 .m-4  
- 
2.83-4 
7.16-5 
1.l.E-7 
7.16-5 
3.53-8 
4.33-9 
- 
3.93-8 
3.53-8 
4.33-9 
- 
3.93-8 
3.53-8 
4.3E-9 
- 
3.93-8 
7.m-5 
3.53-8 
1.13-7 
- 
1.43-7 
3.53-8 
1.m-7 
- 
1.43-7 
3.53-8 
1 .U-7  
- 
1.43-7 
7.73-4 
7.m-5 
2.l.E-4 
- 
2.83-4 
7.m-5 
1. E - 7  
- 
7 .  m-5 
3.53-8 
1.M-7 
- 
1.43-7 
3.53-8 
1.13-7 
- 
1.43-7 
3.53-8 
1 . m - 7  
- 
1.43-7 
4.53-3 
1.33-3 
3.03-3 
8.83-3 
1.53-3 
- 
1.53-3 
3.53-4 
- 
3.53-4 
7 . E - 5  
- 
7.13-5 
7 . a - 5  
- 
7.13-5 
3.53-8 
- 
3.53-8 
3.53-8 
- 
3.53-8 
3.53-8 
- 
3.53-8 
3.7E+l 
1.7E+2 
3.53+3 
3.73+3 
3.7E+1 
1.73+2 
3.53+3 
3.73+3 
3.7E4-l 
2.2E+2 
2 .U+3 
2.43+3 
3.7E+1 
1.23+2 
2- 
2.=+3 
3.73+1 
1 . 2 E + 2  
3.OE+2 -
4.63+2 
3.7Ei-1 
1.63+2 
2.03+2 
3.73+1 
6.03+1 
9.7Ei-1 
3.73-1 
l .23+2 
2.03+3 
2.lE+3 
cis 
3 
Table 4.7. Airborne Source Terns fo r  Model Acid Leach-Solvent Extraction Uranium M i l l  
and Active Tailings Area i n  Wyoming Near End of 20-yr LiYe of Model M i l l  - 
Calculated Release of Radioactive Materials 
21On 210% 
and *l+i, ' 222Rn Source "nat 230Th 234Th Each 
Case 1 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
0-10 u 
10-80 )-1 
Total 
Case 2 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
Total  
Case 3 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
Total  
Case 4 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
Total  
Case 5 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
Total  
Case 6a and 6b 
Ore Crusher and B i n s  
Yellow Cake 
Tailings Pond 
T a i l i n g s  Beach 
Total  
Case 6c 
Ore Crusher and Bins 
Yellow Cake 
Tailings Fond 
Tailings Beach 
Total  
Case 7 
Ore Crusher and Bins 
Yellow Cake 
Tailings Pond 
Tailings Beach 
Total  
4.5E-3 
8.53-2 
3.93-4 
9133-4 
9 . 1 ~ ~ 2  
1.53-3 
2.23-2 
4.53-3 
1.73-4 
4.23-3 
1.03-2 
1.93-2 
1.53-3 
4.33-5 
2.43-2 
3.53-4 
8.43-3 
- 
8.83-3 
7 . u - 5  
4.43-3 
- 
4.53-3 
7.l.E-5 
2.23-6 
- 
7.33-5 
3.53-8 
2.23-6 
- 
2.23-6 
3.53-8 
2.23-6 
1.53-3 
3.53-4 
1.73-5 
- 
3.73-4 
7.m-5 
8.83-6 
- 
8.03-5 
7 .E-5  
4.33-9 
- 
7 . u - 5  
3.53-8 
4.33-9 
- 
- 
3.93-8 
3.53-8 
4.33-9 
2 . 2 ~ - 6  
3.53-8 
2.23-6 
- 
2.23-6 
4.5E-3 
4.7F'-3 
4.53-3 
1 .E-2  
2.43-2 
1.53-3 
1 . u - 3  
- 
2.63-3 
3.53-4 
4.23-4 
- 
7.73-4 
7 .E-5  
2 . E - 4  
- 
2.83-I: 
7.m-5 
1 . u - 7  
- 
7.13-5 
3.53-8 
1.l.E-7 
- 
1.43-7 
3.53-3 
1.I.E-7 
4.53-3 
4.73-3 
3.93-4 
9.33-4 
1.03-2 
1.53-3 
1. E - 3  
- 
2.63-3 
3.53-4 
4.23-4 
- 
7.73-4 
7. E - 5  
2 .E-4  
4.53-3 
4.23-3 
1.OE-2 
1.93-2 
1.53-3 
- 
1.53-3 
3.53-4 
- 
3.53-4 
7.33-5 
2.8E-4 
7.33-5 
1 . E - 7  
- 
7 . u - 5  
3.53-8 
l .m-7  
- 
1.43-7 
3.53-8 
1.m-7 
7.E-5 
7 . u - 5  
- 
7.33-5 
3.53-8 
- 
3.53-8 
3.53-8 
3.93-8 
3.53-8 
4.33-9 
1.43-7 
3.53-8 
1 . u - 7  
1.43-7 
3.53-8 
1.U-7 
3.53-8 
3.53-8 
3.93-8 1.43-7 1.43-7 3.5E-8 
3.7Et1 
3.33+2 
8.7E+2 
- 
1.23+3 
3.7E+1 
3.E+2 
8.7E+2 
1.23+3 
3.73+1 
4.03+2 
1.43+2 
5.8E+2 
3.7Et1 
Z . E + 2  
1.4E+2 
4.03+2 
3.73+1 
2 . E + 2  
3.OEt2 
5.53+2 
3.73+1 
1 . 6 ~ t 2  
2.0Et2 
3.7E+1 
6.0E+1 
9.73+1 
3.7E-1 
2.u+2 
1.4E+2 
3.63+2 
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Table  4.8.  Airborne Source Terms for Model Alka l ine  Leach Uranium M i l l  and Act ive  
T a i l i n g s  Area i n  New Mexico Near End of 20-yr L i f e  of Model M i l l  - 
Calcu la t ed  Release of Radioac t ive  Mate r i a l s  
210B 2lOP0, 
and 'loSi, 
Source 'nat Ra 230Th 234Th Each 222Rn 
226 
Case 1 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
0-10 u 
10-80 u 
T o t a l  
Case 2 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 3 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 4 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
To ta l  
Case 5 
Ore Crusher and Bins 
Yellow Cake 
Ta i l ings  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 6a  and 6b 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 7 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
4.53-3 
8.53-2 
1.73-4 
1.23-4 
9.OE-2 
1.53-3 
2.2E-2 
2. &E-2 
3.53-4 
8.43-3 
8.83-3 
7 . m - 5  
4.43-3 
4.53-3 
7. m - 5  
2.23-6 
7.33-5 
3.53-8 
2.23-6 
4.53-3 
1.73-3 
2.33-3 
1.8E-3 
1.OE-2 
1.53-3 
4.33-4 
1.9E-3 
3.53-4 
1.73-4 
5.23-4 
7. m - 5  
8.83-5 
- 
1.63-4 
7 . m - 5  
4.33-8 
7 . m - 5  
3.53-8 
4.33-8 
- 
- 
4.53-3 
2.43-3 
1.8E-3 
8.73-3 
'1.5E-3 
1.5E-3 
3.53-4 
3.53-4 
7 . m - 5  
- 
- 
7 . m - 5  
7 . m - 5  
- 
7.13-5 
3.53-8 
- 
2.23-6 
3.53-8 
2.23-6 
- 
7.83-8 
3.53-8 
4.33-8 
3.53-8 
3.53-8 
- 
4.53-3 
1.73-4 
1.3E-4 
4.83-3 
1.53-3 
1.53-3 
3.53-4 
- 
3.53-4 
7 . m - 5  
- 
- 
7.m-5  
7. 13-5 
- 
- 
7 . D - 5  
3.53-8 
- 
- 
3.53-8 
3.53-8 
- 
2.23-6 7.83-8 3.53-8 3.53-8 
4.5E-3 
2.43-3 
1.83-3 
8.73-3 
1.53-3 
1.5E-3 
3.53-4 
3.53-4 
7 .m-5  
- 
7.13-5 
7 . u - 5  
- 
- 
7.13-5 
3.53-8 
- 
- 
3.53-8 
3.53-8 
- 
- 
- - 
3.53-8 
3.73+1 
6 . 5 ~ + 1  
5.93+3 
5.83+3 
3.73+1 
6.53+1 
5.73+3 
5.8E+3 
3.7E+1 
7,4E+1 
4.43+3 
4.53+3 
3.7E+1 
6 . 8 ~ + 1  
4.33+3 
4.43+3 
3.73+1 
- 
6.83+1 
4. u + 2  
3.03+2 
3. P+1 
- 
- 
1.03+2 
1.43+2 
3.73-1 
- 
6.83+1 
4.33+3 
4.4E+3 
-
Table 4.9. Airborne Source Terms for Model k.lkaline Leach Uranium M i l l  and Act ive 
T a i l i n g s  Area i n  !Jyoming Near End of 20-yr L i fe  of Hodel M i l l  - 
Calcu la t ed  Release of Radioact ive i k t e r i a l s  
Case 1 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
0-10 u 
10-80 u 
Tot a 1  
Case 2 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Eeach 
Tot31 
Case 3 
Ore Ci-usher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 4 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t  a1 
Case 5 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 6a and 6b 
Ore Crusher and Bins 
Yellow Cake 
T a i l i n g s  Pond 
T a i l i n g s  Beach 
T o t a l  
Case 7 
Ore Crusher and Bins 
Yellow C &e 
T a i l i n g s  Pond 
T a i l i n g s  Eeach 
T o t a l  
4.5E-3 
8.53-2 
1.lE-3 
9. LE-4 
9 . E - 2  
1.5E-2, 
2.2E-2 
2.4E-2 
3.5E-4 
8.4E-3 
8.8E-3 
7 . E - 5  
4.4E-3 
4. j ~ - 3  
7 . m - 5  
2 . 2 ~ - 6  
7.33-5 
3.5E-8 
2 . 2 ~ - 6  
2. 2~-6 
3.5E-8 
2 . 2 ~ - 6  
2 . 2 ~ - 6  
4 .5s-3  
1 . 7 E - 3  
1.5E-3 
1 .E-3  
3.2E-2 
1.5E-3 
4.3E-4 
1.9~-3 
3.5E-4 
1.7E-4 
5.2E-4 
7 . E - 5  
8.83-5 
1 . 6 E - 4  
7 . m - 5  
4.3E-8 
7.33-5 
3.53-8 
4.33-8 
7.83-8 
3.5E-8 
4 . 3 - 8  
7. BE-8 
4.5E-3 
l .5E-2 
1 . E - 2  
3. OE-2 
1.5E-3 
1.5E-3 
3.5E-4 
3 .5s-4  
7 . E - 5  
7 . E - 5  
7. E - 5  
4.5E-3 
1.m-3 
8 .42-4  
6.42-3 
1.5%: 
1 .52-3  
3.5E-4 
3. 5z-4 
7.lE-5 
7.m-5 
7.m-5 
4.50'-3 
1.5E-2 
1.X-2 
3.03-2 
1.5~-3 
1. jE-3 
3.5E-4 
3.5E-4 
7 .  10'-5 
7 . E - 5  
7 . E - 5  
7 . E - 5  
3 . 5 ~ - 8  
3.53-8 
3.5E-8 
3.5E-8 
7 . E - 5  
3.53-8 
3.5E-8 
3.5~-8 
3 . 5 ~ - 8  
7 . E - 5  
3.5E-8 
3.53-8 
3.5E-8 
3 . 5 ~ - 8  
3 . 7 E + 1  
1.2Ei2 
2.7E 1-3 
2.8E+3 
3. YE-i-1 
1 . 2 E - t 2  
2.7E-3 
2 . 3 
3 . 7 E i l  
1. :s+2 
1 . 2 E 4 - 3  
1.4E+ 3 
3.7ZI-1 
1.2Isi-2 
l.lE.-3 
1.2E'3 
3 . 7 E i l  
1.2E+2 
3 . O E + 2  
4 . 6 ~ + 2  
3.7Etl 
1.OE+2 
1 . 4 ~ + 2  
3.7E-1 
1.2E+2 
1.m+3 
1.2~+3 
Table  h.10. Concentrations of Airborne Radionuclides i n  Vent or Stack  Gases from Model Uranium M i l l s a j b  
vci/ml 
Case No. 'nat 226 R a  230Ti, 234Th 21Om 210% 2lOSi 222Rn 
Maximum Permissible  Conc.. 
10 CFR 20; Table 11' 
(General popula t ion)  
i 
6 
7 
2E-12d 
2.OE-11 
6 . 5 5 1 2  
i . 5 ~ - 1 2  
3.1E-13 
3. LE-1: 
1.6~-16 
9 . 6 ~ - 1 6 ~  
1.3E-09 
3.2E-10 
1.ZE-10 
6 . 5 ~ - 1 1  
3.OE-14 
3.OE-14 
3.OE-14 
1.33-09 
3.2E-10 
1.2E-12 
6.5~-11 
3.OE-14 
3.03-14 
3.OE-14 
Z E - 1 2  3E-14 a - 0 9  4E-12 
Ore Crusher and B i n  Vent - Dusty Ore Containing 6% Moisture 
2.  OE- 11 2 . O E - 1 1  2.OE-ll 2.OE-ll 
6 . 5 ~ - 1 2  6 . 5 ~ - 1 2  6.5E-l2 6 .5~-12  
1.5E-lZ 1 . 5 ~ - 1 2  1.5E-I2 1.5E-12 
3.LE-13 3.1E-13 3.LE-13 3 .U-13  
3. LE-13 3. u-13 3.LE-13 3. LE-13 
1.6~-16 i.6~-16 1.6~16 1.6~-16 
9 . 6 ~ - 1 6 ~  9 . 6 ~ - 1 6 ~  9 . 6 ~ 4 6 ~  9. 6E-16e 
Ye l lov  Cake Dryer and Tackaging Vent - Acid Leach 
2 . 6 ~ - 1 2  6 . 5 ~ - 1 1  6 . 5 ~ ~ 1  
6.4E-13 1 . 6 ~ - 1 1  1.6E-11 
Z.4E-13 6.0~-12 6.OE-12 
1.32-13 3.2~-12 3.2E-12 
6. OE-I~ 1.5E-15 1.5E-15 
6 . 0 ~ - 1 7  1.5E-15 1.5E-15 
6.OE-17 1.5E-15 1.5E-15 
Yellow Cake Dryer and Packaging Vent - Alkaline Leach 
2 . 6 ~ - 1 1  
6.4E -12 
2.4E-12 
1 . 3 ~ - 1 2  
6.  OE- 16 
6 . 0 ~ - 1 6  
6.03:-16 
7E-12 
2 . O E - 1 1  
6 . 5 ~ - 1 2  
1 . 5 ~ - 1 2  
3. LE-13 
1 . 6 ~ - 1 6  
9 . 6 ~ - 1 6 ~  
3.lE-13 
2E-10 
2 . O E - 1 1  
6 . 5 ~ - 1 2  
1.5E-12 
3.1E-13 
3.lE-13 
1 . 6 ~ - 1 6  
9 . 6 ~ - 1 6 ~  
3E-9 
1.63-7 
1.6E-7 
1.63-7 
1.6E-7 
1.6E-7 
1.6E-7 
1. 0E-8e 
aAssumctions are l i s t e d  i n  Table 4.2;  source terms are given i n  Tables 4.6-4.9. 
bSee Tsble 9.11 for ana lys i s  of s t s c k  e f f luents  during period January 1961-April  1966. 
'The 1/3 f s c t o r  has not been applied. 
'For o re  dus t s ,  may analyze only for U n a t ;  MFC = 8 x 
eCrusher airflow reduced from 20,000 to 3,000 c f m ,  and ore  b in  a i r f l o w  from 2,000 t o  500 cfm. 
uCi U n a t / m l .  
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Table 4.11. Composition of Liquid Waste from Model Uranium Mills" 
Acid Leach- 
Solvent Ext ra.t ion Alkaline Leach 
C alcium 
Iron 
Aluminum 
Ammonia 
Sodium 
Arsenic 
F luo r ide 
Vanadium 
Sulfate  
Chloride 
Carbonate 
Tot a 1  Dissolved Solid 
2. OEOO 
c onc ent r a t  ion g /li t e r 
5. OE-1 
1. OEOO 
2. OEOO 
5. OE-1 
2.OE-1 
2.OE-4 
5.OE-3 
1.OE-4 
3.OE+1 
3. OE-1 
3.5E+1 
Concentration, pCi / l i t e r  o r  10-9 u C i / m l  
Radionuclides 
l.OE+l 
- 
5.OE-4 
1. OEOO 
3. OEOO 
2.OE-4 
2. OE-3 
1.OE-4 
2. OEOO 
1. OEOO 
6. OEOO 
1.2E+1 
1. O E + ~  
1.OE+2 
2.OEi-1 
8.OE+1 
2.OE+1 
2.OE+1 
a See Table 9.18 f o r  Spring 1973 survey of l i qu id  e f f luents  from uranium 
mi l l s ,  and Tables 9.19 and 9.20 f o r  l i q u i d  e f f luents  during periods 
1959-1962. 
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Table 4.12. Concentrations of Radionuclides i n  Sol id  Waste 
(Tai l ings)  from Model Uranium Mills" 
Sand, >200 mesh (pCi/g) Slime,b <200 mesh (pCi/g) 
Cases 1 Cases 1 Case 6c 
t o  6b, t o  6b, Evaporator 
Radionuclide Case 7 Case 6c Case 7 Case 6c Concentrate 
Acid Leach-Solvent Extraction 
10  2 . 4  150 1.3 30 'nat 
226Ra 1 2  0 2 . 4  1,610 13 3.OE+4 
230Th 60 2.4 1,750 13 3.0E+4 
23%hc 10 2.4 15 0 13 30 
'"Pb 12 0 2 . 4  1,610 13 3.OEi-4 
2 1 O P O  1 2  0 2 .4  1,610 13 3.OE+4 
2% i 12 0 2 . 4  1,610 13 3. O E + ~  
Alkaline Leach 
10 Not 70 Not applicable %at 
applicable 
226Ra 170 950 
230Th 170 960 
210Pb 170 960 
210Po 170 960 
210Bi 
23bThc 10 70 
170 960 
a Assumptions: 
Acid leach-solvent extraction, a l l  cases except Case 6c : 
Slimes f r ac t ion  i s  3% by weight of t he  t a i l i ngs  and contains 85% 
of the  insoluble radioactive mater ia ls  (Tables 9.4 and 9.6-9.8). 
91% of the uranium i n  the  m i l l  feed i s  recovered; 1.4% remains i n  
the  sands and 7.6% i n  the  slimes. 
during mil l ing and ul t imately c rys t a l l i ze s  i n  the  slimes f rac t ion ;  
5% i s  insoluble i n  the t a i l i n g s  (Sect. 9.3.2). Other radio- 
nuclides a re  insoluble (Sect. 9 .3 .2) .  
Slimes f r ac t ion  i s  5@ by weight of the  t a i l i n g s  and contains 85% 
of the  insoluble radioact ive mater ia ls  (Tables 9.4 and 9.7). 93% 
of the  uranium i n  the  m i l l  feed i s  recovered; 1.0% remains i n  the  
sands and 6.% i n  the slimes. 
mil l ing and i s  prec ip i ta ted  with the  yellow cake; 98% i s  insoluble 
i n  the t a i l i n g s  (Sect. 9 .3 .2) .  Other radionuclides a re  insoluble 
(Sect. 9.3.2). 
95% of a l l  radioact ive mater ia ls  a re  leached from the  ore  and leave 
the  m i l l  as  e i t h e r  evaporator concentrates or yellow cake. 
5% of the  thorium dissolves 
Alkaline leach, a l l  cases: 
$ of the  radium dissolves during 
Ni t r i c  acid leach-solvent extraction, Case 6c : 
bIncludes radionuclides i n  residues from l iqu id .  
2 3 h h  has decayed so t h a t  23%h a c t i v i t y  i s  the  C Assuming most 
same as  the  23gf U the ac t iv i ty .  
I 
I 
To ta l  Area of 
Tota l  Height Impoundment Bas ine 
of D a m  - Volume of (acres ,  Used i n  
Earth plus Height of Length of Earth F i l l  Volume of 10- f t -  Estimating Cost of 
Tailingsb,'  Ear th  D a m  Damb i n  Damd t h i c k  Clay Core F ina l  S t a b i l i z a t i o n  
(Yd3) i n  Dam (yd3) and Asphalt Lining (ft )(ft ) (ft )
17 5 I 
Dam a t  I t s  Maximum 
and P i l e  (acres ,  Used i n  Height (acres ,  Used 
Has Been Source Term i n  Source Term 
S t a b i l i  zede Calculations Calculations and 
(acres, Used i n  and Estimating' Estimating Cost of 
Source Term 
Calculations) Temporary Cover) Permanent Cover) 
Has Closed Life of M i l l  
Cost of Temporary and 
I 
Table 4.13. Character is t ics  of Model Tai l ings Impoundment Basin Used i n  Estimation of Source Terms and Costs - Model i s  a Wedge-Shaped Natural  Basin with a Square Surface I 
Average Area 
Required Area f o r  
Evaporation Pond 
and Wet Beach, 
Average Area of Allowing 2% 
Evaporation Pond Contingency f o r  
Assumed and Wet Beach" Abnormal Weather 
Seepage (acres ,  Used i n  (acres ,  Used i n  
Loss Source Term Designing Tai l ings 
M i l l  Process S i t e  (% 1 Calculat ion)  Impoundment Basin) 
Case 1 or Case 2 
Acid Leach-SX New Mexico 10 80 
Acid Leach-SX Wyoming 10 145 
Alkaline Leach New Mexico 10 50 
Alkaline Leach Wyoming 10 91 
Case 3 
Acid Leach-SX New Mexico 2 87 
Acid Leach-SX Wyoming 2 158 
Alkaline Leach New Mexico 2 55 
Alkaline Leach Wyoming 2 99 
Case 4 or Case 7 
Acid Leach-SX New Mexico 0 .1  89 
Acid Leach-SX Wyoming 0.1 161 
Alkaline Leach New Mexico 0 . 1  56 
Alkaline Leach Wyoming 0.1 101 
Case 5 (Liquids Only - Solids  t o  Landf i l l )  
Acid Leach-SX New Mexico 0.1 89 
Acid Leach-SX Wyoming 0 .1  161 
Alkaline Leach New Mexico 0 .1  56 
Alkaline Leach Wyoming 0 . 1  101  
96 100 10 2,248 
174 69 10 2,743 
60 100 10 2,248 
109 100 10 2,248 
107 
1.93 
67 
12 1 
107 
19 3 
67 
121 
100 100 2,248 
65 65 2,872 
10 0 100 2,248 
99 99 2,275 
100 100 2,248 
63 63 2,900 
100 100 2,248 
97 97 2,298 
15 15 2,160 
15 15 2,900 
15 15 1,708 
15 15 2,296 
Case 6 (Liquids Recycled t o  M i l l  and Solids t o  Landf i l l  - No Conventional Tai l ings Impoundment Area) 
25,000 None 
30,600 ' None 
25, 000 None 
25,000 None 
1,748,400 
1,748,400 96 0
1,735 , 100 
1,748,400 
920,300 
1,7748,400 
1,684,200 
48, ooo 
38,000 
64,400 
51,000 
83,300 
69,100 
83,300 
83,400 
83,300 
67,700 
83,300 
82,600 
l2,ooo 
16,100 
9,500 
12,800 
116 
17 4 
116 
116 
116 
189 
u6 
119 
116 
193 
116 
l21 
107 
193 
121 
67 
a Assumptions: 
Weight of l i q u i d  e f f l u e n t  
Acid leach-solvent extract ion:  
Alkaline leach: 
1.5 tons per  ton of ore  
1.05 tons per  ton  of ore  
Weight of l i q u i d  sorbed on s o l i d  t a i l i n g s :  
Net average annual evaporation r a t e  
0.3 ton  per  ton  of t a i l i n g s  
New Mexico: 7.25 f t / y r  
Wyoming: 4.0 f t /yr  
bDensity of t a i l i n g s ,  720 l b / f t 3 ;  volume of t a i l i n g s  a t  m i l l  shutdown, 9,000,000 yd3. 
D a m  height includes 5 f t  freeboard. 
dDam has 10 f t  c r e s t  and a 2:l slope. 
e 
fN.A. = not applicable.  
c 
Tota l  area (including 2@ contingency) i s  used i n  estimating s t a b i l i z a t i o n  and l in ing  cos ts ;  a v e r g e  area (excluding 2% contingency) i s  used i n  source term cal 
t a i l i n g s  a re  deposited i n  t h i s  area (see Sect-. 4.4.2.1). 
116 
147 
116 
116 
116 
160 
116 
116 
116 
163 
116 
116 
f N.A. 
N.A. 
N.A. 
N.A. 
36 
2 
66 
25 
29 
2 
61 
17 
27 
2 
60 
15 
N.A.  
N. A. 
N . A .  
N.A. 
12 
10 
12 
12 
None 
None 
None 
None 
None 
None 
None 
None 
N . A .  
N.A.  
N.A.  
N.A.  
I 
l a t ions  s ince e s s e n t i a l l y  a l l  of t h e  
Table 4.14. Airborne Sour 
Radioact ive 
(While Pond I s  Evaporat i  
Radwast e U.--L, L l a  L Treatment 
Case '"Th, Each 226Ra 
New M 
1 
2 
3 
4 
1.3.E-3 1.23-2 
8.43-5 9.03-4 
8.43-5 9.OE-4 
8.43-5 9.OE-4 
5 
6 
e Terms f o r  I n a c t i v e  T a i l i n g s  Area - Calcula ted  Release of 
Mate r i a l s  A f t e r  Model Uranium M i l l  Has Closed" 
nter im Releases,  Ci/yr 
.g and Before F i n a l  S t a b i l i z a t i o n  of  T a i l i n g s )  
Long-Term Releases 
(Af t e r  Ta i l i ngs  Have 
Been S t a b i l i z e d  and 
Radon Dif fus ion  
B a m i  er A t m l i  ed 
230Th 
2 10 210 Pb, Po, 
' l 0 B i .  Each 222Rnb 
Windblown 
P a r t i c u l a t e s  
x ico  Acid Leach-Solvent Ex t rac t ion  M i l l  
9.33+3 
9.83-4 9.03-4 9.33+3 
9.83-4 9.OE-4 8.43+3 
9.83-4 9.OE-4 8.43+3 
1.23-2 1 . 2 E - 2  
-No i n t e r i m  Period 
-No In t e r im  Period 
8.43+3 
6.43+3 
1 . 8 ~ + 3  
6.6300 
0 
0 
0 
0 
0 
0 
2.03+2 
3. OE+lC I. 43-1 7 8.43-5 9 .OE-4  9.83-4 9.OE-4 8.43+3 0 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
r 
- WYC 
2.83-3 3. OE-: 
i . 1 ~ - 3  1.2E-: 
1.3.E-3 1.2E-$ 
l .m-3 1.2E-2 
1.13-3 1.23-2 
5.03-4 6.83-1 
3.93-5 5.3E-1 
3.93-5 5.3E-1 
3.93-5 5.3E-1 
3.93-5 5.3E-1 
1.33-3 1.73-2 
5.3.E-4 7.OE-: 
5 . m - 4  7.03-: 
5 . m - 4  7.OE-: 
a Assume 29% of a i rbo rne  a c i d  leached du: 
Remaining resuspended t a i l i n g s  dus t  i s  
bMaximum re l ease  near  end of  i n t e r i m  pel 
Case 6c i s  5.6E+1. C 
ine: Acid Leach-Solvent Ex t rac t ion  M i l l  
3 . 2 ~ 4  3.OE-2 11.3Ei-3 
1 .2E-2  11.33+3 1.33-2 
1.33-2 
i . 3 ~ - 2  
1 . 2 E - 2  11.6E+ 3 
1 .2E-2  1 1 . 8 E +  3 
11.83+3 
-No In t e r im  Period 
-No In t e r im  Period 
i . 3 ~ - 2  1.23-2 
New Mexico Alka l ine  Leach M i l l  
6.93-3 6.93-3 9.33+3 
5.43-4 5 .'4E- 4 9.33+3 
5.43-4 5.43-4 8.43+3 
5.43-4 5.43-4 8.4E+3 
5.43-4 5.43-4 8.4E+3 
-No In t e r im  Period 
-No In t e r im  Period 
Wyoming Alkal ine Leach M i l l  
1.73-2 9.33+3 1.83-2 
7.OE-3 7.03-3 9.33+3 
7. OE-3 7 .OE-3  8.43+3 
7. OE-3 7. 03-3 8.43+3 
7.03-3 7. OE-3 8 . 4 ~ + 3  
-No i n t e r i m  Period 
-No In t e r im  Period 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1.OE+4 
7.83+3 
2.53+3 
2.73+2 
6.6300 
3. OE+lC 
2.03-1 
8 . 4 ~ + 3  
6 . 4 ~ + 3  
1.9Ei-3 
2.OE+2 
6. 63+0 
1.83+1 
1.h-1 
8.43+3 
6 . 4 ~ + 3  
6. ~ E + O  
1.83+1 
1.93+3 
2.03+2 
1.k-1 
o r  56% of a l k a l i n e  leached  dus t  i s  i n  t h e  p a r t i c l e  s i z e  range of  0-10 p. 
ssumed t o  be i n  t h e  10-80 u s i z e  range. 
od, assuming a l l  t a i l i n g s  a r e  dry.  
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Model Cranium M i l l  Operating 
Assumed 
$J of t h e  
5.13-4 
1 
2 
3 
4a & 4b 
5 
6a 
6b 
6c 
7 
Yes 
Yes 
Carefu l ly  s i t e d  
Asphalt l i n e d  
Asphalt l i n e d  
None 
None 
None 
Asphalt l i n e d  
Ta i l ing  s 
Tai l ings  
Ear th  with c l a y  core 
Ear th  with c l ay  core 
Ear th  with c l ay  core 
None 
None 
None 
Earth with c l ay  core 
None 
None 
None 
Lime n e u t r a l i z e  
Lime n e u t r a l i z e  
Evaporator 
Evaporator 
Evaporator 
Lime n e u t r a l i z e  
1 Yes Ta i l ing  s None 
2 Yes Ta i l ings  No ne 
3 Carefu l ly  s i t e d  Ear th  w i t h  c l ay  core None 
4a & 4b Asphalt l i n e d  Earth with c lay  core Copperas 
5 Asphalt l i n e d  Earth with c l ay  core Copperas 
6a None None Evaporator 
6b None None Evaporator 
7 Asphalt l i n e d  Ear th  with c l ay  core  Copperas 
1 0  
10  
2 
0.1 
0.1 
- 
- 
0. 002d 
0.1 
1 0  
10  
2 
Model Acid Leach-Solvent ExLraction M i l l  
3.OE+7 3 .3  6 . 6 ~ 4  5.lE-2 
3 ,OE+7  3.3 6.63-1 5 . ~ - 2  
4,43+6 4.5 1.33-1 1.03-2 
2 . 2 ~ + 6  0.5 6.63-3 5 2 3 - 4  
2.23+6 0.5 6.63-3 5 2 - 4  
- - - - 
- - - - 
3.OE+7 - 3.43-3 3.43-3 
2.23+6 4.5 6.63-3 5.m-4 
Model Alkaline Leach M i l l  
2.6E+7 2 . 6  6.913-1 6.93-3 
2.6E+7 2.6 6.93-1 6.93-3 
4. 03+6 3.3 1 . 4 E - 1  1.43-3 
i.8~+1 
1 . 8 E - i - 1  
3.7E00 
1.8E-1 
1.8E-1 
- 
- 
3.43-3 
1 . 8 ~ 4  
1.43-3 
2.83-4 
1.4E-3 
0 .9  6.93-3 6.93-5 1 . 4 E - 5  5.53-5 0 . 1  2 . 2 ~ + 6  
0 . 1  2 . 2 ~ + 6  0.9 6.93-3 6.93-5 1.43-5 5.53-5 
- - - - - - - 
- - - - - - - 
0 . 1  2 . 2 ~ + 6  3.3 6.93-3 6.93-5 1.43-5 5 ,5E-5  
%he concentrat ion of a radionucl ide i n  t h e  t a i l i n g s  pond water is equal  t o  t h e  concentrat ion f a c t o r  t imes t h e  concentrat ion i n  t h e  m i l l  e f f luen t  g i  
bNear end of 20-yr l i f e  of model m i l l  when concentrat ions of d i sso lved  radionucl ides  have reached maximum value,  and assuming a constant  seep r a t e  s 
concentrat ion of d i sso lved  radionucl ides  while lime n e u t r a l i z a t i o n  or copperas t reatment  lowers t h e  concentrat ion.  
t o  s e a l  t h e  bottom and t h e  seep r a t e  will decrease over t h e  m i l l  l i f e .  
Costs f o r  Case 6a inc lude  an asphal t  l i n i n g  f o r  t h e  l a n d f i l l  where t h e  concrete f ixed  s o l i d  wastes a re  buried.  C 
dPercent of radionucl ides  d isso lved  during leaching which seep from the  t a i l i n g s  impoundment. 
e Costs f o r  s o l i d  and l i q u i d  t reatment  a re  not separable .  
5.13-2 
5.lE-2 
1.OE-2 
5 . m - 4  
5.13-4 
- 
- 
3.43-3 
5 . lE -4  
1.4.E-3 
1.43-3 
2.83-4 
5.lE-2 
5.lE-2 
1.OE-2 
5.13-4 
5 . m - 4  
- 
- 
3.43-3 
5.13-4 
6.93-3 
6.93-3 
1.4E-3 
1.43-5 6.93-5 
1.43-5 6.93-5 
- - 
- - 
1.43-5 6.93-5 
236 92 
2 36 92 
2,568 651 
2,940 1,060 
5,015 2,406 
4 ,817 .  1,510 
5 , 824' 2 ,  6 0 0 ~  
e e 
4,817 1,510 
2,563 650 
1,469 391- 
4,185 1,042 
3,859' 2 , 1 0 6 ~  
3,050 1,042 91
4,185 
2 43 
243 
1,538 
3,915 
3,545 
5 , 824' 
e 
5 015 
3,915 
93 
93 
40 4 
1,294 
1,205 
2,600' 4 6
1,294 
e 
230 90 
230 90 
2,546 646 
4,003 999 
1,984 490 
3,859c 2 , 1 0 6 ~  
3,050 1,912 
4,003 999 
en i n  Table 4.11. Na tu ra l  evaporation inc reases  t h e  
z r  t h e  l i f e  of  t h e  m i l l .  ( I n  p rac t i ce ,  t a i l i n g s  tend 
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None 
None 
None 
None 
None 
I 
Table 4.16. So l id  Radwaste Treatment Cases t o  Reduce t h e  P o t e n t i a l  Long-Term Leaching I of  U anium M i l l  Ta i l ings  by Natura l  Waters f 
Calculated Leach Rate Assuming T o t a l  
2 . 3 ~ + 1  
2.3~+1 
2 . 3 ~ + 1  
2.83-9 
1.1E+1 
1 
2 
3 
4a 
4b 
5 
6a 
None 
None 
None 
None 
None 
6b 
6c 
7 
2.OE+1 
2.OE+1 
2.OE+1 
2.43-9 
9 . 8 ~ 0 0  
1 
2 
3 
4a 
4b 
5 
6a 
6b 
7 
bCosts a r e  a r b i t r a r i l y  a l loca t ed  i n  some 
c 
None 
None 
None 
Bottom and s i d e s  
Completely encased 
Bottom and s i d e s  
No ne 
None 
None 
Completely encased 
cases between l i q u i d  and s o l i d  t reatments .  
None 
None 
None 
Bo'ctom and s i d e s  
Completely encased 
Bottom and s i d e s  
No ne 
None 
Completely encased 
Acid Leach-Solvent Ext rac t ion  I 
2 . 6 ~ + 2  
2 . 6 ~ + 2  
2 . 6 ~ + 2  
3.133-8 
2 . 3 ~ + 1 ~  
i . 9 ~ +  1 2E-2 le 
1.3E+2 
2.  lEOOd 
3 . 1 ~ - 8  
~ 
Alkal ine Leach 
2.6~+2 
2 . 6 ~ + 2  .6E+2 
1 . 3 ~ + 2  
2.  lEOOd 
3 . 2 ~ - 8  
4. 2E+le 
3 . 2 ~ - 8  
3. 8 E + l e  
2 . 6 ~ i - 2  
2 . 6 ~ + 2  
i . 3 ~ + 2  
4. 3 E + l e  
1.2E-2 3 . 9 ~ + 1 ~  
3 . 1 ~ - 8  
2 .  l E O O d  
3 . 1 ~ - 8  
2 . 6 ~ + 2  
2 . 6 ~ + 2  i . 3
2. lEOOd 
3 . 8 ~ + 1 ~  
3 . 2 ~ - 8  
3 . 2 ~ - 8  
4. 2E+le 
0 
0 
0 
976' 
976' 
1,405 
1,597 
4,420 
29,180 
97Gf 
0 
0 
0 
976 
976 
1,405 
2,451. 
6,735 
976f 
0 
0 
0 
234' 
254' 
1,919 
1,885 
6,338 
7,863 
254' 
0 
0 
0 
234 
254 
1,919 
2,135 
8,864 
25bf 
%. W. Godbee and D. S. Joy, Assessment p f  I t h e  Loss of Radioactive Isotopes from Radioactive Waste Sol ids  i n  t h e  
Environment, Par t  I: Background and The$ry, OWL-"-4333 (February 1974) ; Par t  I1 : Applicat ion and Project ions 
( i n  p repa ra t ion ) .  I 
National  Laboratory, The Leaching of  Stiontiurn from Cement - Uranium Ore- Specimens with Tap Water, unpublished 
memorandum (Dee. 17, 1973)]. I 
e Sands are not t r e a t e d  and a r e  t h e  majorlsource.  
, I 
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Table 4.17. S o l i d  Radwaste Treatment Cases t o  El iminate  Windblown P a r t i c k a t e s  from t h e  Tail ings Area 
I 
t 
Calculated P a r t i c u l a t e  Resuspension from Tai l ings  t Beachajb 
. 
Treatment ion  \mrem/yr J -  ?.,n on?. 
LCU 
Wind 
M i l l  Process  S i t e  (acres  ) (g /sec)  Each 
T o t a l  c o s t  
230Th i Each B o a  Bone Lung ($1000) CL"~i, ccLRn Erosion Mass m n L  Ra 
I 
'I 
M i l l  Active, No Treatment of T a i l i n g s  Beach (Near End of 20-yr L i f e  of Model M i l l  When Beach Has Reached Maximum S i z e )  
I/ 
4ae a .  5E-2 4.02E-4 4.3lE-3 4 .68~-3  ? 4 . 3 E - 3  16.6 
78e 1 . 4 E - 1  3.04E-4 4.13E-3 4.18E-3 1 4.18E-3 16.1 l 2 e  2 . 8 ~ - 1  1.32E-3 1.42E-2 1.543-2 :I 1.42E-2 44.4 
37e 8.63-1 1.90E-3 2.583-2 2.613-2 2 .  ~ I E - 2  81.6 
,a 
I 
'I 
M i l l  Closed, I n t e r i m  Period,  No Treatment of T a i l i n g s  Beach (Af te r  Pond Has Evaporated) 
128f 2 . 3 ~ - 1  1.07E-3 1.15E-2 1.253-2 , 1.15E-2 44.3 
2 . 3 ~ - 1  4.993-4 6.783-3 6 .86~-3  6.86E-3 26.4 
I 
128f 
Mill Closed, I n t e r i m  Period,  Chemical Spray of T a i l i n g s  Beach, 25 Acres Maximum of 'Unt rea ted  T a i l i n g s  Beach Permit ted 
25 5 . 8 E - 1  2.753-3 2.963-2 3 . 2 1 ~ - 2  2.  @E-2 92.4 
25 5.8E-1 1.283-3 1.743-2 1 . 7 6 ~ - 2  1.74E-2 5 5 . 1  
M i l l  Closed and T a i l i n g s  S t a b i l i z e d ,  6- in .  E a r t h  Cover Topped by 6- in .  Rock Cover 
Case 1 
d Acid Leach-SX 
Acid Leach-SX 
Alka l ine  Leach 
Alka l ine  Leach 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
New Mexico 
Wyoming 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
New Mexico 
Wyoming 
168.0 
447.9 
166.3 
841.5 
448.0 
272.9 
933.1 
568.6 
35.0 
373.3 
21 .3  
227.4 
16.9 
16.7 
44 .1  
84.5 
4 5 . 1  
27 .4  
0 
0 
0 
0 
0 
0 
2g 
28 
4h 
6h 
4h 
4h 
7' 
5' 
9' 
6 l  
1? 
1J 
1J 
1J 
6h 
6h 
6h 
9 
Acid. IcacIi-SX 
A l k a l i n e  Leach 
Acid Leach-SX 
Alka l ine  Leach 
91.9 
57.1 
Acid Leach-SX 
Acid Leach-SX 
Alka l ine  Leach 
Alka l ine  Leach 
0 
0 
0 
0 
Case 2 I 
M i l l  Act ive,  Chemical Spray of Dry T a i l i n g s  Bcach 
Acid Leach-SX 
Acid Leach-SX 
A l k a l i n e  Leach 
Alka l ine  Leach 
Mill Closed, I n t e r i m  Period,  Chemical Spray of T a i l i n g s  Bcnch, 10 Acres Maximum of Untreated T a i l i n g s  Permit ted 
Acid Leach-SX 
Acid Leach-SX 
Alka l ine  Leach 
Alka l ine  Leach 
3 . 5  
36.8 
2 . 1  
22 .8  
10 1.7E-2 8.37E- 5 8 . 9 8 ~ - 4  9 . 7 6 ~ 4  a .  983-4 3.5 
10 1.7E-2 3.90E-5 5.  303-4 5.363-4 5 . 3 6 ~ - 4  2 . 1  
10 2.3E-1 5.143-4 6 . 9 7 ~ 3  7.05B-3 7.05E-3 22 .0  
10 2.3E-1 1 . 1 0 ~ - 3  1.183-2 1.28E-2 1.183-2 37.0 
M i l l  Closed and Tai l ings  S t a b i l i z e d ,  2 - f t  Ear th  Cover Topped by 6- in .  Rock Cover 
Acid Leach-SX 
Acid Leach-SX 
Alka l ine  Leach 
Alka l ine  Leach 
aCalculated resuspension of  slimes f r a c t i o n  (which c o n t a i n s  most of  t h e  r a d i o i s o t o p e s )  by a 7-mph wind i n  New Mexico and a 10-mph wind i n  Wyoming. 
bCornposition of  s l imes f r a c t i o n  i s  given in Table 4.11. 
'Assumes t h a t  2% of t h e  a i rborne  acid- leached dust 3r 5% of t h e  a i r b o r n e  a lka l ine- leached  d u s t  i s  i n  t h e  p a r t i c l e  s i z e  range 0 t o  10  li and i s  r e s p i r a b l e .  
'SX = so lvent  e x t r a c t i o n .  
eAverage area of  dry  beach and exposed t a i l i n g s  on t h e  f a c e  of t h e  dam near  end of 20-yr l i f e  of model m i l l  when beach and dam have reached maximum s i z e ,  assuming 1% seepage loss of pond water 
fArea of dry  t a i l i n g s  at  t h e  end o f  t h e  i n t e r i m  per iod  when t h e  pond has completely evaporated.  
gAnnual c o s t  o f  20-yr annui ty  t o  accumulate c a p i t a l  r e q u i r e d  t o  purchase tank ,  pump, and sprayer ,  and t o  cover opera t ing  cos ts  f o r  i n t e r i m  t rea tment  when m i l l  c l o s e s .  
hAnnual c o s t  of  20-yr annui ty  t o  accumulate c a p i t a l  r e q u i r e d  for f i n a l  s t a b i l i z a t i o n  and cover  when m i l l  c l o s e s .  
i 
'Annual c o s t  of  20-yr annui ty  t o  accumulate c a p i t a l  r e q u i r e d  f o r  opera t ing  c o s t s  of in te r im t rea tment  when m i l l  c l o s e s .  
Does not inc lude  d u s t  s torms.  Does not  include 
sand f r a c t i o n  which may form migrat ing sand dunes b u t  i s  not  r e a d i l y  a i rborne  (Sec t .  7 . 2 ) .  
Remaining resuspended t a i l i n g s  dus t  i s  
assumed t o  be i n  t h e  10- t o  80-u s i z e  range. 
and a ne t  annual  evaporat ion r a t e  of 7 .25 ft  i n  New Mexico o r  4.0 f t  i n  Wyoming. Parameter f o r  model t a i l i n g s  impoundment bas ins  a r e  given i n  Table 4.l2. 
Inc ludes  a r e a  of t a i l i n g s , o n  t h e  f a c e  of t h e  d m .  
Cost of  b iannual ly  covering beach averaged over  20 y r .  
Equipment bought f o r  temporary t reatment  while t h e  m i l l  i s  a c t i v e  i s  used 
without  charge. 
-.. 
'i-. 
f 
I 
u
 
x
 
CI
. 
3
 
4
m
m
m
 
o
 
d
 
P
 
rc
 
iu
 CJ
. 
rc
 
Tu
 
N
+
O
O
 
O
b
.
 
iu
 
Iu
 
O
r
c
O
a
J
~
O
 
w
l 
0
 
0
 
Y
 
(D
 
C
t 
(D
 2 P
 
P
 
P
-
-
4
 
W
c
o
c
o
 
c
n
w
 
u
 
c
o
i
n
 
P
 
P
4
-
j
 
W
c
o
c
o
 
'>
 
c
2
m
 
P
a
 
m 
G w 
m 
Y
P
 
1
3
 
P
a
 
c
n
w
 
L
J
 
c
o
i
n
 
v
l cn
 
P
 
P
 
cn
 
P
 
P
 
cn
 
P
 
P
 
m
 
P
 
P
 
cn
 
P
 
.
.
.
.
.
.
 
c
n
o
o
m
w
e
 
M
M
M
w
l
u
3
)
W
 
O
+
+
M
M
M
 
o
I
u
r
c
+
+
+
 
w
w
w
 
2 3 9 Y 0 Y 
I
u
u
I
u
w
 
.
.
.
.
 
m
I
u
I
u
r
c
4
P
 
.
.
.
.
.
.
 
c
n
4
4
U
l
0
3
0
 
M
 
M
 
M
 
4
-
4
-
w
 
+
+
M
M
M
,
 
g
r
d
r
c
+
+
+
 
.
.
(
D
 a
 
d
 
CD
 
.? 
c
!
 
Iu
iu
 
0
'
 
c2
 
P
 
v
 rn
 
: 
-
1
.
 
.
.
.
.
.
.
 
H
 
-- 
% 7 ct (D 
iu
 
M
 A
?
?
?
 
4
w
L
-
 
P
r
"
0
P
i
n
 
P
 
Y
 
ct
 
(D
 
Y
 
P
 y
o
0
0
 
.
.
.
 
Iu
 
0
 
i
u
z
 
P
u
r
 
O
P
P
O
c
n
c
o
 
.
.
.
.
.
.
 
G
P
P
r
n
L
J
I
u
 
P
 
c2
 
P
 
0
 
m (D a
 
+
 
P
 
03
 
0
 
in
 
4
 
0
0
0
0
0
0
 
L
J
 
P
 
b
 L
J
 
4
 
0
0
0
0
0
0
 
D i  s tance 
181 
I 
Stabi l ized ~ 6 - a c r e  Tailings P i l e  a t  t he  New Mexico Si teaJg  1 
Table 4.19. Radon Concentration i n  A i r  due t o  Radon Release f r  m a 
' " ~ n  Concentration (pCi / l i t e r  o r  pCi/ml of a i r )  
a 
Case 4," a from Case l,c Case 2,' Case 3, 
Tai l ings 6-in. Earth 2 - f t Earth 8-ft  Earth 20-ft Earth 
(miles ) Cover Cover Cover Cover 
0.5 MELXimum 2.3 
Average 1.0 
1.0 
5.0 
Maximum 0.7 
Average 0.3 
MUiIYlum 
Average 
0.07 
0.03 
1.8 
0.8 
0.6 
0.2 
0.04 
0.02 
0.5 0.05 
0.2 1 0.02 
I 
0.15 0.016 
0.07 0.007 
0.013 i 0.0015 
0.006 i 0.0006 
%or comparison, t h e  average of the  background measured a t  S a l t  Lake City,  Utah; Monticello, Utah; 
and Durango, Colorado, i s  0.41 pCi / l i t e r ;  t h e  probable background a t  Grand Junction, Colorado, i s  
0.79 pCi / l i t e r  [ S .  D. Shearer, Jr.,  and C .  W. S i l l ,  Health Physics 17, 77-88 (1969) and Evaluation 
o f  Radon-222 Near Uranium Tailings P i les ,  DER 69-1, Public Health Service, Bureau of Radiological 
Health, RockVille, Maryland (March 196911. I 
bCalculated from source terms i n  Table 4.18 and meteorologic d i lu t ion  f ac to r s  from Fig. 7.2. 
C Calculated for a ~ 6 - a c r e  t a i l i n g s  deposit  i n  a na tura l  basin with 12 acres of t a i l i n g s  on the  
face of t he  dam. 
dCalculated for a 116-acre t a i l i ngs  deposit i n  a na tura l  basin;  no t a i l i n g s  i n  the dam. 
, I  I 
L , 
I 
I 
I 
I 
1 . 7  67 78 145 80  l.'7h+2 
1 . 7  67 78 145 80 1.7E+2 
2 . 3  91 78 169 87 2.2E+2 
89 1.2E+2 
0 .25  1 0  78 88 89 1.2E+2 
0.25 1 0  78 88 
No evapora t ion  pond 
Na evapora t ion  pond 
No evapora t ion  pond 
Table 4.20. Ef fec t  of Radwaste Treatment Cases Radon Emanation from t h e  Act ive  Ta i l ings  Area Near End of 
20-yr L i f e  of Model luranium M i l l  - M i l l  Operatinga 
None 
None 
None 
None 
A11 so l ids -concre te  
Slimes-concrete 
S l imes-asphal t  
Concentrate-asphalt  
182 
~~ 
0.25 1 0  78 161 2.lE+2 
No evapora t ion  pond 
No evapora t ion  pond 
No evapora t ion  pond 
0 .25  10  78 88 161 P.lE+? 
New 
0.26 10  78 88 50 6.5E+1 
0.26 10  78 88 50 6.5E+1 
0.33 1 3  78 91 55 7 .4E+1  
0.088 3 .5  78 82 56 6.8~+1 
0.088 3 . 5  78 82 56 6 . 8 ~ + 1  
No evapora t ion  pond 
No evapora t ion  pond 
0.088 3.5 78 82 56 6 . 8 ~ + 1  
Wyoming 
1 2 3 4 5 6 7 9 1 0  11 ' 12 13  14  15  16 
i 
T o t a l  222Rn 
Emanation 
from Act ive  Ma.Ximum 
Radon Emanation from D r y  Ta i l i ng  Beach o r  Fixed So l ids  
,411 so l ids -concre te  
Slimes-concrete 
Slimes - aspha l t  
Concent ra te -asphal t  
None 
Mexico Alkaline-Leach M i l l  
None 
None 
None 
None 
A l l  so l ids -concre te  
Slimes-concrete 
S l imes-asphal t  
None 
Alkaline-Leach M i l l  
'1 
Radon Emanation from t h e  Ta i l ings  Ponda and Wet Beach 
226Ra 222Rn from Decay 222Rn Dif fus ing  
Concentration of Radium Dissolved from Ta i l ings  To ta l  222Rn 222Rn 
Pond Area Source, from Pond Case i n  Pond i n  Pond Water Under Pond 
No. Liquid Treatment (pCi/ml) (pCi day- l  (pCi day-' (pCi day-' ern-') ( a c r e s )  (Ci/yrb F ixa t ion  of So l ids  
I 
I 
New Mexi-co Solvent  Ex t rac t ion  Mi l l  
d i f f e r e n t  f o r  t h e  a c t i v e  t a i l i n g s  a r e a  from t h e  s t a b i l i z e d  p i l e .  
Ta i l i ngs  uniformly conta in  568 pCi/g of radium ( i n  p rac t i ce ,  dry beach i s  mostly sands and w i l l  conta in  <568 p C i / &  while wet, beach and 
>68 pc i /g ) .  
(6) 
bExposed meaning l i t t l e  o r  no radon d i f fus ion  b a r r i e r  i s  p re sen t ;  i . e . ,  d ry  t a i l i n g s  or f i x e d  s o l i d s  covered wi th  0 to  6 i n .  of e a r t h  o r  the  
' Includes a rea  of t a i l i n a s  on t h e  f ace  of t h e  dam. j 
1 
2 
3 
4 
5 
6a 
6b 
6c 
7 
1 
2 
3 
4 
5 
6a 
6b 
6c  
7 
1 
2 
3 
4 
5 
6a 
6b 
7 
1 
2 .  
3 
4 
5 
6a  
6b 
7 
; a i l i n e s  under pond a r e  r i c h  i n  sl imes and conta in  
ch:mical spray. 
Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  pond 
P rec ip i t a t ion ,  l i n e d  pond 
Metal evapora tor  
Metal evaporator 
Metal evapora tor  
P rec ip i t a t ion ,  l i n e d  pond 
Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  pond 
P rec ip i t a t ion ,  l i n e d  pond 
Metal evaporator 
Metal evapora tor  
Metal evaporator 
P r e c i p i t a t i o n ,  l i n e d  pond 
Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  pond 
P rec ip i t a t ion ,  l i n e d  pond 
Metal evapora tor  
Metal evapora tor  
P rec ip i t a t ion ,  l i n e d  pond 
Pond 
Pond 
Pond 
P rec ip i t a t ion ,  l i n e d  pond 
P rec ip i t a t ion ,  l i n e d  pond 
Metal evapora tor  
Metal evaporator 
P rec ip i t a t ion ,  l i n e d  pond 
1 . 7  
1 .7  
2 . 3  
0.25 
67 
67 
91 
10  
3 . 1 ~ + 2 1  None 145 
145 3. x + 2  None 1 None 158 4.0E+2 
161 2.1E+2 None 
I 0 .26 10  78 88 91 1.2E-2 
0.26 10  78 88 91 1.2E+2 
0 .33  13 78 91 99 1.3E+2 
0.088 3.5 78 82 101  1.2E+2 
0.088 3.5 78 82 101  1.2E+2 
No evapora t ion  pond 
No evapora t ion  pond 
0.088 3 . 5  78 82 101  1.2E+2 
None 
None 
None 
None 
A 1 1  so l ids -concre te  
Slimes-concrete 
Slimes-asphalt  
None 
T a i l i n g s  22Zh Area of 
Ear th  Cover Ta i l ings  
Over Tai l ings  Radon Dif fus ion  Area of Buried 
Fixed So l ids  
Area - Pond Dose t o  
Adult 
Beach or from Exposed Expose$ Under 20 f t  222Rn or  Fixed Lung at  
of Ea r th  Source So l ids  0.5 Mile 
( f t )  ( c i  y r - 1  ac re -1 )  ( a c r e s )  ( a c r e s )  (C i /y r )  (Ci /yr  ) mremfyr 
p lus  Beach 
Ta i l ings  Ta i l ings  
None 
6 i n .  
6 i n .  
6 i n .  
None 
20 f t  
20 f t  
2 f t  + 20 f t  
6 i n .  
None 
6 i n .  
6 i n .  
6 i n .  
None 
20 f t  
20 f t  
2 f t  + 20 f t  
6 i n .  
None 
6 i n .  
6 i n .  
6 i n .  
None 
20 f t  
20 f t  
6 i n .  
None 
6 i n .  
6 i n .  
6 i n .  
None 
20 f t  
20 f t  
6 i n .  
72.4 
65.9 
65.9 
65.9 
23.6 
16.9 
65.9 
2 .59  
0.83 
72 .4  
65.9 
65.9 
65.9 
23.6 
16.9 
65.9 
2.59 
0.83 
72.4 
65.9 
65.9 
65.9 
10 .6  
65.9 
2.59 
17.3 
72.4 
65.9 
65.9 
65.9 
17 .3  
10 .6  
65.9 
2.59 
MC 
48c 
29 
27 
11 
1 5  
d 
27 
116 
12 
2 
2 
116 
11 
1 5  
d 
2 
12c 
7ac 
78' 
61 
60 
116 
1 2  
17 
60 
37c 
3TC 
17  
1 5  
12 
17 
1 5  
116 
0 
0 
0 
0 
0 
102 
131  
d 
0 
0 
0 
0 
0 
0 
102 
1 3 1  
d 
0 
0 
0 
0 
0 
0 
103 
1 5 1  
0 
0 
0 
0 
0 
0 
103 
1 5 1  
0 
3.48E+3 
3.48E+3 
2.10E+3 
1.95E+3 
3.OE+2 
1.8E+2 
1.5E+2 
1.953+3 
6 . 0 ~ + 1  
8.693+2 . 6 9 ~ + 2  
1.45E+2 
1.453+2 
3.0E+2 
1.8E+2 
1.5E+2 
6 . 0 ~ + 1  
1.45E+2 
5.653+3 
5.653+3 
4.42Ei3 
4.34E+3 
3 . 0 ~ + 2  
1.lE+2 
a .  3E+1 
4.34313 
2.68E+ 3 
2 . 6 8 ~ +  3
3 . 0 ~ + 2  
1.233+3 
1.09E+3 
1 . 1 E + Z  
1.09E+3 
a .  3E+1 
3.653+3 
3.653+3 
2.323+3 
2.073+3 
4.2E+2 
1.8E+2 
1.5E+2 
2.07E+3 
6 . 0 ~ + 1  
1.18E+3 
1.18E+3 
5.453+2 
3.553+2 
5.lE+2 
1.8E+2 
1.5E+2 
3.55E+2 
6 . 0 ~ + 1  
5.72E+3 
5.723+3 
4.49E+3 
3.7E+2 
1. m + 2  
4.4lE+3 
a .  3E+1 
4.413+3 
2.803+3 
2.80E+ 3 
1.363+3 
1.2lE+3 
4.2Et-2 
l.lE+2 
1.2lE+3 
a . 3 E + 1  
43.5 
43.5 
27.6 
24.6 
5.0 
2 . 1  
1.8 
0.7 
24.6 
6.7 
6.7 
3 . 1  
2.0 
2 .9  
1 . 0  
0 .9  
0 .3  
2 . 0  
68.2 
68.2 
53.6 
52.5 
4.4 
1 . 3  
1.0 
52.5 
16 .0  
16 .0  
7.8 
6.9 
2.4 
0 .6  
0.5 
6. v 
dEleven acres  of n i t r i c  leached  t a i l i n g s  and 0.5 a c r e  of asphal t - f ixed  evapora tor  concent ra tes  a r e  uncovered; 1 0 1  a c r e s  of t a i l i n g s  a re  covere with 2 f't of ea r th  and 5 ac re s  of  asphal t  f i x e d  
wastes a r e  bur ied  under 20 f t  of e a r t h .  
Table 4.21. Comparison of Radon Concentration Calculated from ORNL Model 4 t h  Environmental Monitoring Data 
M i l l  
Processing Conc. i n  Tailingsa 
Rate Tailings Area 
Radon Concentration i n  A i r  (pCi/ l i ter)  
Over or  Near Tailings P i l e  0.5 Mile from Tailings P i l e  
T y p e  of Data M i l l  (tons/day) (pci/g) (acres)  Avg Range Avg Range 
Active M i l l  
OIWL Model New Mexico 2,000 566 Pond: 80 6-22 0.4 0.25-1.0 
Theoretical Solvent Extraction Beach: 48 
Calculations 
PHS Grand Junction, Colo. 500b gooc ? ?.8d'e l.l-28.0d'e l . g d J e  0.5-4. gdfe 
Environmental Solvent Extraction 
Monitoring 
PHS Sa l t  Lake City, Utah 600b 1,500' ? 7.2d7f 1.6-22" 
Environmental Solvent Extraction 
Monitoring 
ORNL Model New Mexico 
Theoretical Solvent Extraction or 
Calculations Alkaline Leach 
PHS Durango, Colo. 
Environmental 
Monitoring 
2,000 
750b 
Inact ive M i l l  - Exposed Tailings 
566 128 
900c ? 
15- 56 
3. 8-34dj g 
Inact ive Mill - 2- f t  Earth Cover 
OIWL Model New Mexico 2,000 566 l28 11-39 
Theoretical Solvent Extraction or 
Calculations Alkaline Leach 
PHS Monticello, Utah 6OOb 910' ? 7.2d'h 0. 89-12d' 
Environmental 
Monitoring 
1.1 
0.8 
0.7-2.5 
0.4-1.8 
the ORNLmodel, t he  radon concentration i s  d i r ec t ly  proportional t o  the radium concentration and the  area of exposed t a i l i ngs .  
bR. C.  Merritt,  The Extractive Metallurgy of Uranium, Colorado School of Mines Research I n s t i t u t e  (1971), pp. 379, 529, 540, and 543. 
'From Table 9.22. 
D. Shearer, Jr., and C. W. S i l l ,  Health Physics 17, 77-88 (1969); Evaluation of Radon-222 Near Uranium Tai l ings Piles, DER 69-1, public Health Service, Bureau of 
Radiological Health, Rockville, Maryland (March l9m. 
eProbable natural  background 5 miles from p i l e :  0.79 pCi/ l i ter .  
'Natural background: 0.38 pCi/liter. 
&Natural background: 0.51 pCi/ l i ter .  
hNatural background: 0.34 pCi/ l i ter .  
I 
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Table 4.22. Comparison of Emanation Rate of  Radon from the  Surface 
of S tab i l ized  Tailings P i les  with the  Emanation Rate from Native Soils" 
Emanation Rate of Radon 
from Stabi l ized Tailings P i les  
Nat ur  a 1  Background ) 
Radwaste Treatment (Multiple of Probable 
Case 
1 45 0 
345 
28 5 
11 
0.5 
3 
0.008 
a Assumes t h a t  t he  emanation r a t e  of radon from t a i l i n g s  i s  500 times 
35 
higher than from nat ive soils based on the  Us08 content of s o i l s  
around the  Highland uranium m i l l  s i t e  p r io r  t o  mil l ing a c t i v i t i e s  
(Sect. 4.4.3.2). 
Table 6.1. Total Costs for  Treatment of Radwaste from 
Model Acid Leach-Solvent Extraction U r a n i u m  M i l l  
Annual Contribution to  cost of: Annual Capital" Fixed Operating Annual 
Case cost Charge cost cost Yellow Cake PowerC 
NO. ($1000) ($1000) ($1000) ($1000) ($/lb G O e )  &Us/kWhr) 
Wyoming 
1 
2 
3 
4a 
4b 
5 
6a 
6b 
6c 
7 
Id 
1 
Id 
2 
3 
4a 
4b 
5 
6a 
6b 
6c 
7 
370 
370 
447 
1,900 
4,440 
4,440 
4,701 
7,597 
8,540 
29,959 
9,741 
363 
363 
430 
2,880 
5,290 
5,290 
4,038 
7,597 
29, 959 
.20,591 
8,540 
97 
131 
118 
479 
1,112 
1, llo 
1,156 
1,850 
2,084 
7,197 
2,456 
91 
125 
ll0 
705 
1,297 
1,296 
997 
1,850 
2,084 
7,197 
2,613 
83 
83 
88 
101 
434 
434 
1,987 
1,833 
5,608 
1,067 
458 
New Mexico 
83 
83 
91 
104 
437 
437 
1,987 
1,833 
5,608 
1,067 
461 
180 
206 
580 
1,546 
1,544 
3,143 
3,683 
7,692 
8,264 
2,914 
214 
0.07 
.08 
.08 
.22 
58 
* 58 
1.18 
1.39 
2.89 
3.11 
1,lO 
174 0.07 
208 .08 
1,734 .65 
1,733 65 
1.12 
1.39 
2 , 984 
3,683 
7,692 2.89 
8,264 3-11 
3,074 1.15 
2 01 07 
809 .30 
0.003 
.004 
.004 
.010 
.028 
.028 
.056 
.066 
.138 
.148 
.052 
0.003 
.004 
.a3 
.014 
.031 
.031 
.053 
-066 
.138 
.148 
.055 
%itid cost at time of m i l l  construction including equipment for  fixation of 
bCalculated as 2% of capital  plus annual charge (20-yeas annuity) t o  pay for  
tailings i n  asphalt or concrete and treatment of l iquid and airborne emissions. 
earth cover and stabil ization of surface of ta i l ings p i l e  
Calculated on basis of 5,000 tons of &Os required during 30-year l i f e  of 1,000 
MW(e) light-water reactor (irradiation level  - 33,000 MWd/metric ton, load factor 
8v0, thermal efficiency 32.5%). One model m i l l  (2,000 tons ore/day) supplies 8 
such reactors. 
annuity t o  provide perpetual care. 
at  m i l l  shutdown, 
C 
dStabilized by vegetation i n  place of rock. Annual charge ($34,000) t o  buy an 
186 
Table 6.2. Total Costs for  Treatment of Radwaste from 
Model Alkaline Leach Uranium M i l l  
Annual Annual Contribution t o  cost of: 
b Cost cost Yellow Cake Power' 
Fixed 
Case cost Charge 
No. ($1000) ($1000) ($1000) ($1000) ($/lb &Os) (Mills/kWhr) 
Operating Annual c ap i t ala  
Wyoming 
1 
Id 
2 
3 
4a 
4b 
5 
6a 
6b 
7 
357 
357 
42 4 
2,861 
4,479 
4,479 
2 ,991  
6,296 
10,563 
9,780 
91 
125 
109 
7 01 
1,104 
1,103 
745 
1,538 
2,575 
2,421 
New Mexico 
174 
208 
199 a 04 
1,227 
1,226 
2,376 
3,163 
9,900 
2,568 
0.06 . oa 
-07 
-29 
45 
45 
1.16 
3-65 
. .a7 
0.94 
0.003 
.004 
.003 
.014 
.021 
.021 
.Ob1 
053 
.173 
.Ob5 
1 357 
I d  357 
2 42 4 
3 2,875 
4a 4,656 
4b 4,656 
5 2,537 
6a 6,296 
6b io, 563 
7 9,957 
90 
124 
703 
1,145 
1,144 
636 
1,538 
2,575 
2,4-60 
loa 
83 
92 
105 
12 5 
12  5 
1,631 
1,625 
7,325 
149 
a3 
173 
2 07 
200 
808 
1,270 
1,269 
2,267 
3,163 
9,900 
2,609 
0.06 
.08 
.07 
-29 
.46 
.46 
.83 
1.16 
3.65 
0.95 
0.003 
.004 
.003 
,014 
.022 
.022 
.Ob0 
053 
.173 
.Ob5 
I n i t i a l  cost a t  time of m i l l  construction including equipment fo r  fixation o f  
t a i l ings  i n  asphalt o r  concrete and treatment of l iquid and airborne emissions. 
earth cover and s tabi l izat ion of surface 
a 
bCalculated as 24% of capi ta l  plus annual charge (20-year annuity) t o  pay for  
of ta i l ings  p i l e  at  m i l l  shutdown. 
Calculated on basis of 5,000 tons of U3Os required during 30-year l i f e  of 1,000 
MW(e) light-water reactor ( i r radiat ion leve l  33,000 MWd/metric ton, load factor 
8C%,thermal efficiency 32.5%). 
reactors. 
annuity t o  provide perpetual care. 
One model m i l l  (2,000 T orelday) supplies 8 such 
%tabilized by vegetation i n  place of rock. Annual charge ($34,000) t o  buy an 
Table 6.3. Major Capi ta l  Items f o r  Treatment of Radwaste from Model 
Acid Leach-Solvent Extiaction M i l l  i n  New Mexicoa 
( ~ 6 - a c r e  t a i l i n g s  p i l e )  
Case Capi ta l  Cost b 
No. Equipnent ($1,000) 
1 
1 
1 
1 
1 
1 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
4a 
4b 
5 
5 
5 
6 
6a 
6a 
6b 
6c 
6c 
6c 
6c 
6c 
6c 
7 
7 
Orif ice  type dust col lector  (27,000 cfm) 
Wet impingement dust col lector  (6,000 cfm) 
Tailings pump and p i p e l h e  
Earth dam 
Cyclone in s t a l l a t ion  
Earth cover (0.5 f t )  and rock s t ab i l i za t ion  (0.5 f t)c 
Wet impingement dust co l lec tor  (27,000 cfm) 
h w  energy ventur i  dust co l lec tor  (6,000 cfm) 
Earth cover (2.0 f t )  and rock s t ab i l i za t ion  (0.5 f t)c 
Low energy ventur i  dust co l lec tor  (27,000 cfm) 
Medium energy ventur i  dust co l lec tor  (6,000 cfm) 
Tailings dam 
Earth cover (8 f t )  and rock s t ab i l i za t ion  (0.5 fi)' 
Bag  f i l t e r  dust co l lec tor  (27,000 cfm) 
High energy ventur i  dust co l lec tor  (6,000 cf'm) 
Neutralization of l i qu id  
Asphalt s ea l  of pond 
Earth cover (20 f t )  and rock s t ab i l i za t ion  (0.5 f t ) c  
Earth cover (2 f t ) ,  asphalt (5/16 in . ) ,  rock (0.5 f t) '  
HEPA f i l t e r  dust co l lec tor  (6,000 cf'm) 
Concrete f ixa t ion  
Asphalt l i n ing  fo r  waste storage 
HEPA fj.lter dust collector (30,000 cfi) 
Evaporator 
Concrete f ixa t ion  
Asphalt f i xa t ion  
CCD thickeners 
Evaporator 
Fractionator 
Solvent ex t rac tor  
Waste calciner  
Boiler 
Charcoal delay t r a p  (4,000 cfm) 
Earth cover (2 f t ) ,  asphalt (1 in . ) ,  rock (0.5 f t ) '  
72 
36 
138 
35 
58 
138d 
88 
50 
197d 
134 
53 
2,411 
441d 
248 
58 
651 
976 
926d 
881' 
74 
570 
1,567 
326 
2,273 
449 
3,221 
10 , 040 
u, 320 
5,297 
2,601 
2,016 
1,754 
5,388 
2, 38ed 
Sl ight ly  d i f fe ren t  values were used f o r  the  Wyoming s i t e .  a 
bCapital cost including 
%ota l  value of the  matured annuity payments a f t e r  20 years. 
d i rec t  and ind i rec t  costs  plus 2& f o r  contingency. 
Earth, $350/acre-ft ; rock, $2000/acre-ft ; asphalt $18,800/acre-in. * C 
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Table 6.4. Major Capi ta l  Items f o r  Treatment of Radwaste from 
Model Alkaline Leach M i l l  i n  New Mexico" 
(116-acre t a i l i n g s  p i l e )  
b Case Capi ta l  Cost 
No. Equipment ($1,000) 
1 
1 
1 
1 
2 
3 
3 
4 
4 
4a 
4b 
5 
5 
6 
6 
6 
6a 
6a 
6b 
7 
Tailings pump and pipel ine 
Earth dam 
Cyclone i n s t  a l l a t  ion 
Earth cover (0.5 f t )  and rock s t ab i l i za t ion  (0.5 f t ) '  
Earth cover (2.0 f t )  and rock s t ab i l i za t ion  (0.5 f t ) '  
Tail ings dam 
Earth cover (8 f t )  and rock s t ab i l i za t ion  (0.5 f t ) '  
Copperas treatment equipment 
134 
33 
58 
138d 
197d 
2, 411 
44id 
22 
Asphalt s e a l  on pond 976 
Earth cover (20 f t )  and rock s t ab i l i za t ion  (0.5 f t ) '  
Earth cover (2 f t ) ,  asphalt  (5/16 i n . ) ,  rock (0.5 f t ) '  
Concrete f ixa t ion  570 
926d 
881d 
Asphalt l i n ing  f o r  waste storage 
Sand- slime separator 
Sl ime dewatering 
Evaporator 
Boiler 
Concrete making 
Asphalt f i xa t ion  
Earth cover (2  f t ) ,  asphalt (1 in . ) ,  rock (0.5 f t ) '  
1,297 
92 
1,200 
2,028 
621 
337 
5,210 
2 , 38ed 
~~ 
Sl ight ly  d i f fe ren t  values were used f o r  t he  Wyoming s i t e .  a 
bCapital  cost  including a l l  d i r ec t  and indi rec t  costs  plus 2% f o r  contingency. 
! T o t a l  value of t h e  matured annuity payments a f t e r  20 years. 
Earth, $350/acre-ft; rock, $2000/acre-ft; asphalt, $18,800/acre-in. C 
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Table 6.5. Unit Costs of Labor, Materials and Supplies 
~~ 
Item Unit Cost 
Supervision $15,000/man-year 
Operating labor $~,0OO/man-year 
Lime $2 5 / t  ona 
Asphalt $2 ton" 
a 
Cement $3 5 /ton 
Power $O.Ol/KwH 
Steam $1. OO/lOOO l b  
Fuel $0.40/million BTU 
Sulfur ic  acid $22/ton 
Ammonia $70/ton 
Sodium chlorate  $200/tona 
Floc culant $1. OO/lb 
Amine $0.75/1b 
a 
a 
Alcohol $0.26/1b 
Kerosene $0.28/1b 
a Ni t r i c  acid $40/ton 
a TBP $1200/ton 
Ferrous su l f a t e  $37.60/ton a 
Short ton, 2000 lb/ton. a 
Table 7.1. P a r t i c l e  Size of Uranium Ore Tai l ings  
i n  the  c80-u Size Class" 
Perc ent age of P a r t i c l e  s Size Class 
( c l )  Acid C i rcu i t  Alkaline Ci rcu i t  
10-80 24 23 
<lo 10 30 
?he <80-u d i s t r i b u t i o n  i s  based on an ex t rapola t ion  of a log-log 
p l o t  of p a r t i c l e  s i ze  vs percent of p a r t i c l e s  t h a t  a re  l e s s  than 
the  s t a t e d  s i z e  using da ta  from Table 9.7. 
Table 7.2.  Frequency Dis t r ibu t ion  of  Wind by Velocif,y Classes 
Fraction of  Time V e lo  c it y 
Class Albuquerque, C asper, 
(mph ) N. M. Wyoming 
0- 3 
4- 6 
11-16 
7-10 
0.23 
0.35 
0.24 
0.12 
17-21 0.04 
>21 0.01 
Weighted Ave. (mph) 6.9 
0.06 
0.21 
0.28 
0.26 
0.06 
0.13 
10.7 
Table 7.3. Annual Number of Wind Events of One-Hour 
Duration i n  Velocity Classes a t  Albuquerque, N.M. a 
Velocity Class Duration 
(mph ) (hours ) 
0- 3 1,305 
3-6 4,009 
6-9 2,118 
12-15 643 
15-18 406 
18-21 282 
21-24 80 
24-27 44 
27-30 8 
30-33 7 
33-36 3 
36-39 1 
9-12 1,014 
a An event i s  regis tered i f  wind veloci ty  i s  i n  the  
veloci ty  c lass  f o r  >5C$ of the  1-hr observation period. 
Table 7.4. Source Strength f o r  Dust Par t ic les  Suspended From a 
100-Acre Tailings Area for Different Wind Velocit ies 
Source Strength [g sec-’ (100 acres)- l ]  
Tail ings from Acid Circui t  Tail ings from Alkaline Circuit  
Wind 
Velocity 
(mph 1 5 va 35 P 5 v + 3 5 v  5 P  35 P 5 p + 3 5 p  
7 0.052 0.125 0.177 0.100 0.077 0.177 
10 
30 
0.68 
214 
1.64 
519 
2.33 
733 
1.32 
413 
1.01 
317 
2.33 
730 
%edian diameters representing p a r t i c l e  s i ze  c lasses;  5 p = 0-10 p, 35 v = 10-80 p. Part ic les  >80 p 
creep along the surface and would not become airborne except a t  very high wind veloci t ies .  
Table 7.5. Latitude-Longitude Coordinates Used to Derive Data 
Sets for Population Distribution 
Latitude (N) Longitude (W) 
30" 25 t  83" 107" 93' 05" 
35" 40' 83" 
43" 06' 67" 
42" 811 67" 
107" 83' 33" 
105" 50' 00" 
107" 61' 67" 
38" 32 50" 108" 75' 00" 
Table 7.6. Representative Population Distribution at Successive Distances for Western Milling 
Sites in the United States 
Radial Distance (miles) 
Sector 0-0.5 0.5-1 1-2 2-3 3-4 4-5 5-10 10-15 15-25 25-35 35-45 45-55 
N 
"E 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
ssw 
sw 
wsw 
W 
WNW 
Nw 
NNW 
Mean (by 
dist ance ) 
Cumulative 
Density 
(in&. /mile" ) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 191 
0 0 
0 146 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 I2 0 9 0 
0 0 191 191 337 337 
k106" +81 
> <- 4.3 
38 
0 
0 
0 
0 
0 
995 
1196 
0 
0 
0 
0 
97 
0 
0 
0 
145 
k865 
2663 
9.9 
0 
0 
0 
0 
71 
426 
16 4 
0 
0 
32 7 
0 
0 
0 
0 
0 
105 
0 
0 
0 
722 
1931 
580 
303 
168 
197 0 
102 135 
0 0 
197 91- 
93 255 
+275 +io63 
4147 8182 
< 3.0 
5 
67 
80 
91 
58 
483 
365 
0 
280 
179 
181 
79 
3 38 
643 
410 
229 
5458 
u8 52 
411 
> 
306 
2 59 
194 
909 
39 
193 
295 
268 
206 
466 
5578 
69 
2954 
858 
197 
225 
a13 
+3271 
24868 
<-7.1 
2330 
6053 
1197 
2232 
755 
328 
7 
353 
P 
UI 
0 
0 -F- 
92 
5226 
418 5 
4881 
365 
1761 
+4828 
53053 
181 
> 
a Standard deviation of the mean. 
a Table 7.7. Maximum Annual Doses t o  Individualsb and Population' from Airborne 
Effluents of a Model Uranium M i l l  a t  t he  New Mexico S i t e ,  Assuming 
t h a t  10% of the Food I s  Produced Locally 
MILL PROCESSES~ 
(Tailings area not included) 
Maximum Populat ion 
Total  Body Dose Maximum Adult Organ Doses ( m r e m )  
Process and 
Radwaste Treatment Total  Bodv Dose 
Case (men;> Bone Liver Kidney Lung Spleen (man- rem) 
Solvent Extraction 
1 
2 
3 
4 
5 , 
b 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
20.2 
1 .7  
6.4 
2.93-1 
4.03-1 
2.m-4 
2 . B - 4  
25.3 
7.6 
2.2 
6.63-1 
2.93-1 
3.33-4 
3.33-4 
232.4 23.6 40.1 29.3 23.8 
72.9 7.5 12.5 9 .1  7.7 
19.0 1.8 3.3 2.9 1.8 
5 .1  8 . 0 ~ - 1  9.33-1 1 .2  4.2E-1 
3.0 3.4E-1 5.lE-1 7.5E-1 3 . 6 ~ - 1  
2.53-3 2.2E-4 4.63-4 4 . h - 1  2.OE-4 
2.5E-3 2.23-4 4.63-4 4.83-3 2.OE-4 
265.5 28.3 40.9 35.2 29.4 
81.2 8 .7  12.7 10.6 9 .1  
22.2 2 .3  3.4 3.5 2.4 
6.7 7.OE-1 9.7E-1 1 .5  7.1E-1 
3.0 3.4E-1 5.lE-1 7.5E-1 3.6E-1 
3.33-3 3.43-4 4.83-4 4.4E-1 3.43-4 
3.33-3 3.43-4 4.83-4 5.OE-3 3.43-4 
4.9E-1 
1 . 6 ~ - 1  
3 . 7 ~ - 2  
7. OE-3 
9.73-3 
4.7E-6 
4. YE-6 
6 . 2 ~ 4  
i . 9 ~ - 1  
5 . 2 ~ - 2  
1.63-2 
7.93-6 
7.93-6 
7.OE-3 
a 
bDose t o  individuals i s  a t  0.5 mile and downwind of the prevailing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the  f i n a l  ( i . e .  20th yr) of operation. 
Average dose i s  
47% of the  maximum. 
Dose t o  the  population i s  average t o t a l  body dose t o  t h e  population out t o  a distance of 55 miles. C 
d6% moisture ore, which produces a r e l a t ive ly  large amount of dust. 
a Table 7.7a. M a x i m u m  Annual Doses t o  Individualsb and Population' from Airborne 
Effluents of a Model Uranium M i l l  at t he  New Mexico Si te ,  Assuming 
t h a t  10% of the  Food I s  Produced b c a l l y  
om  DUST^ AND RADON 
( M i l l  processes - t a i l i n g s  area not included) 
Population 
Total  Body Dose Process and M E K h u m  Maximum Adult Organ Doses ( m r e m )  Radwaste Treatment Tota l  Body Dose 
Case (n=-> Bone Liver Kidney Lung Spleen (man-rem) 
Solvent Extraction 
1 18.0 192.0 21.2 31.8 20.0 22.6 4 . 4 ~ 4  
1.5E-1 
4 2 . 9 ~ 4  3.0 3.4E-1 5.U-1 7.5E-1 3.63-1 7.OE-3 
5 2.93-1 3.0 3.4E-1 5 . X - 1  7.5E-1 3 . 6 ~ - 1  7.03-3 
2 5.8 62.8 6.9 10.4 6.8 7.4 
3 1.5 15.0 1.6 2.5 2 .0  1 .7  3.4E-2 
6 1.53-4 1.5E-3 1.63-4 2.53-4 4.4E-1 1 . m - 4  3.43-6 
7 1.53-4 1.5E-3 1.63-4 2.53-4 4.63-3 1.7E-4 3.43-6 
Alkaline Leach Same as Solvent Extraction Process 
a 
bDose t o  individuals i s  at 0.5 mile and downwind of the  prevail ing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th y r )  of operation. 
4% of t h e  maximum. 
Average dose i s  
C Dose t o  t h e  population i s  average t o t a l  body dose t o  t h e  population out t o  a distance of 55 miles. 
d% moisture ore,  which produces a r e l a t ive ly  la rge  amount of dust. 
c- 
+ I 
a Table 7.7b. Maximum Annual Doses t o  Individualsb and PopulationC from Airborne 
Effluents of a Model Uranium Mill at the New Mexico S i t e ,  Assuming 
t h a t  10% of the  Food Is  Produced Locally 
YELLOW CAKE DUST 
Process and MaxiITlUm Population 
Total  Body Dose Maximum Adult Organ Doses (mrem) Radwaste Treatment Total  Body Dose 
Case (mrG> Bone Liver Kidney Lung Spleen ( m a n -  r em ) 
Solvent Extraction 
1 
2 
3 
4 
5 
6 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
2.2 
5.5E-1 
2.2E-1 
1.lE-1 
5 53-5 
5.53-5 
5.53-5 
7.3 
1.8 
7.2~4 
3.7E-1 
1.83-4 
1.8E-4 
1.8E-4 
40.4 
10.1 
4.0 
2.1 
1. 03-3 
1. OE-3 
1. OE-3 
73.5 
18.4 
7.2 
3.7 
1.8E-3 
1.8E-3 
1.83-3 
2.4 
2.4E-1 
6.OE-5 
6. OE:~ 
1.2E-1 
6.OE-5 
6.OE-5 
7.1 
1.8 
3.63-1 
1.83-4 
7.OE-1 
1.8E-4 
1.83-4 
8.3 
2.1 
8.m-1 
4.2E-1 
2.n-4 
2.IE-4 
2.U-4 
9.1 
2.3 
8.9~-1 
4.6~4 
2.3E-4 
2.3E-4 
2.33-4 
9.3 
2.3 
9. LE-1 
4. p-1 
2.33-4 
2.33-4 
2.33-4 
15.2 
3.8 
1.5 
7.83-1 
3.83-4 
3.83-4 
3.83-4 
1.2 
3.OE-1 
1.2E-1 
6. IE-2 
3.03-5 
3.OE-5 
3.03-5 
6.8 
1.7 
6.73-1 
1.7E-4 
1.73-4 
3.53-1 
1.73-4 
5.3E-2 
1.3~-2 
1.33-6 
1.33-6 
5.23-3 
2.73-3 
1.33-6 
1.8~4 
1.8~-2 
4.53-6 
4.5E-2 
9.2E-3 
4.53-6 
4.5E-6 
a 
bDose t o  individuals i s  a t  0.5 m i l e  and downwind of the prevail ing wind direction. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th yr )  of operation. 
Average dose i s  
47% of t h e  maximum. 
Dose t o  t h e  population i s  average t o t a l  body dose t o  the population out t o  a distance of 55 miles. C 
Table 7 . 7 ~ .  Maximum Annual Doses" t o  Individualsb and Population' from Airborne 
Effluents of a Model U r a n i u m  M i l l  at t h e  Wyoming S i t e ,  Assuming 
t h a t  10% of the Food Is  Produced Locally 
MILL PKOCESSES~ 
(Tailings area not included) 
Process and Maximwn Population 
Radwaste Treatment Total  Body Dose Total  Bodv Dose Maximum Adult Organ Doses (mrem) 
(man - r em) Case ( m r e d  Bone Liver Kidney Lung Spleen 
Solvent Extraction 
1 
2 
3 
4 
5 
6 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
16.5 
5.3 
1 . 4  
3 . 3 ~ 4  
2.4E-1 
1.7E-4 
1.7E-4 
20.6 
6 .3  
1.8 
5.4E-1 
2 . h - 1  
2.7E-4 
2.73-4 
189.4 
15.5 
4.2 
2.5 
59.4 
2.  OE-3 
2.  OE-3 
215.6 
65.9 
18.0 
5.5 
2.5 
2.73-3 
2.73-3 
19.1 
6 .2  
1 .5  
3 . 8 ~ - 1  
1.8E-4 
1.83-4 
2.83-1 
23.0 
7.2 
1 . 9  
5 . 8 ~ - 1  
2 . 8 ~ 4  
2.83-4 
2.83-4 
32.5 
10.2 
2.7 
7.53-1 
4.lE-1 
3.73-4 
3.7E-4 
33.2 
10.4 
2.7 
7.9E-1 
4 .D-1  
3.93-4 
3.93-4 
23.6 
7 .4  
2.2 
8 . 5 ~ - 1  
4.73-1 
2.  m-1 
2.43-3 
28.4 
8.6 
2.7 
1.1 
4.7E-1 
2 . lE-1  
2.53-3 
19.3 
6.2 
1 .6  
2.93-1 
3.4E-1 
1.73-4 
1.73-4 
23.7 
7.3 
2.0 
5.63-1 
2.93-1 
2.83-4 
2.83-4 
4.3E-1 
1.h-1 
3.5E-2 
8.53-3 
6 .U-3  
4 . 2 ~ 6  
4 . 2 ~ - 6  
5.43-1 
1.73-1 
4.63-2 
6 . 1 ~ - 3  
7. 03-6 
1.43-2 
7. OE-6 
a 
bDose t o  individuals i s  a t  0.5 mile and downwind of t he  prevailing wind direction. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th y r )  of  operation. 
Average dose i s  
42% of the maximum. 
Dose t o  the population i s  average t o t a l  body dose t o  t h e  population out t o  a distance of 55 miles. C 
d6% moisture ore, which produces a re la t ive ly  large amount of dust. 
. 
a C 
Table 7.7d. Maximum Annual Doses t o  Individualsb and Population from Airborne 
t h a t  10% of the  Food I s  Produced Locally 
Effluents of a Model Uranium M i l l  a t  the Wyoming Si te ,  Assuming 
om  DUST^ AND RADON 
( M i l l  processes - t a i l i n g s  area not included) 
Maximum Population 
Total  Body Dose Maximum Adult Organ Doses (mrem) 
Process and 
Radwaste Treatment Total  Body Dose 
Case (mem) Bone Liver Kidney Lung Spleen (man- r em) 
Solvent Extraction 
1 14.7 156.0 17.2 25.8 16.1 18.4 3 .8~-1  
2 4. a 51.0 5.7 8.5 5.5 6.0 1 . 3 ~ 4  
1.2 12.2 1 .3  2.0 1 .5  1 . 5  3.OE-2 
6. LE-3 
3 
4 2.4E-1 2.5 2 . 8 ~ - 1  4 . ~ 3 - 1  4.7E-1 2 . 9 ~ - 1  
2.4E-1 2.5 2.8E-1 4.lE-1 4.7E-1 2.9E-1 6. B-3 
3. OE-6 
5 
6 1.2E-4 l . 2E-3  1.3E-4 2.OE-4 2.lE-1 1 .5E-4  
7 1.2E-4 l.2E-3 1.3E-4 2.OE-4 2.2E-3 1.5E-4 3 . 0 ~ - 6  
Alkaline Leach Same as Solvent Extraction Process 
a 
bDose t o  individuals i s  at 0.5 m i l e  and downwind of the  prevail ing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during t h e  f i n a l  ( i . e .  20th y r )  of operation. 
Average dose i s  
42% of ‘the maximum. 
Dose t o  t h e  population i s  average t o t a l  body dose t o  t h e  population out t o  a distance of 55 miles. C 
d6% moisture ore,  which produces a r e l a t ive ly  la rge  amount of dust .  
b Table 7.7e. M a x i m u m  Annual Doses" t o  Individuals and Population' from Airborne 
Effluents of a Model Uranium M i l l  at t he  Wyoming S i t e ,  Assuming 
that 100% of the  Food Is Produced b c a l l y  
YELLOW CAKE DUST 
Process and Maximum Population 
Radwaste Treatment Total  Body Dose Total  Boay Dose Maximum Adult Organ Doses (mrem)  
Case (mreni) Bone Liver Kidney Lung Spleen (man-r-a) 
Solvent Extraction 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
1.8 
1.83-1 
9 . 2 ~ - 2  
4.53-1 
4.53-5 
4.53-5 
4.53-5 
5.9 
1.5 
5 . 8 ~ - 1  
3. OE-1 
1.53-4 
1.5E-4 
1.53-4 
33.4 
8 .4  
3.3 
1 .7  
8.43-4 
8.43-4 
8.43-4 
59.6 
14.9 
5.8 
3.0 
1.53-3 
1.53-3 
1.53-3 
1 .9  
4.83-1 
1.93-1 
9.m-2 
4.83-5 
4.83-5 
4.83-5 
5.8 
1.5 
5.73-1 
3.03-1 
1.53-4 
1.53-4 
1.5E-4 
6.7 
6.6~4 
1.7 
3.43-1 
1 . V - 4  
1.73-4 
1.73-4 
7.4 
1 .9  
7.33-1 
3.83-1 
1.93-4 
1.93-4 
1.93-4 
7.5 
1 . 9  
7.4E-1 
3.8E-1 
l.9E-4 
1.93-4 
1.93-4 
12.3 
3 .1  
1 .2  
6.33-1 
3.lE-4 
3 . E - 4  
3 3 - 4  
9 . h - 1  
2.4E-1 
4.83-2 
2.4E-5 
2.43-5 
2.43-5 
9.23-2 
5.3 
1 .3  
2.73-1 
1.33-4 
1.33-4 
1.33-4 
5.23-1 
4.83-2 
1.23-2 
4.73-3 
1 . 2 ~ - 6  
1.23-6 
1.23-6 
2.43-3 
1.63-1 
1.63-2 
4. 03-6 
4. OE-6 
4.03-2 
8.23-3 
4. 03-6 
N 
0 
0 
a 
bDose t o  individuals i s  a t  0.5 mile and downwind of t h e  prevailing wind direction. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during t h e  f i n a l  ( i . e .  20th y r )  of operation. 
Average dose i s  
42% of the  maximum. 
Dose t o  the  population i s  average t o t a l  body dose t o  the  population out t o  a distance of 55 miles. C 
a 
of a Model Uranium M i l l  a t  the  New Mexico S i t e ,  Assuming 
Table 7.8. Maximum Annual Doses t o  Individualsb from Airborne Effluents 
t h a t  None of t he  Food Is Produced Locally 
MILL PROCESSES~ 
(Tailings area not included) 
Process and 
Radwaste Treatment 
MELXimum 
Total  Body Dose Maximum Adult Organ Doses (mrem)  
Case (m&> Bone Liver Kidney Lung 
Solvent Extract ion 
1 1 . 9  
2 5.43-1 
3 1.83-1 
4 6.93-2 
5 1.33-2 
6 3.4E-5 
7 3.43-5 
Alkaline Leach 
1 1 . 3  
2 3.93-1 
3 1.l.E-1 
4 3.93-2 
5 1.33-2 
6 1.93-5 
7 1.93-5 
47.8 2.4 10.7 10.8 
13.7 6.83-1 3 . 1  3.2 
1 .7  8. OE-2 3.73-1 8 . 9 ~ - 1  
3.63-1 i . 9 ~ - 2  8.23-2 4 . 8 ~ 4  
4.2 2 . lE -1  9.53-1 1 . 4  
8.03-4 3.93-5 1.83-4 4. 4E-1 Iu 
8.03-4 3.93-5 1.83-4 4 . 6 ~ - 3  P 0 
26.2 1 . 5  5.9 11.1 
8.3  4.43-1 1.9 3.3 
2 . 1  1 .23-1  4 . 8 ~ 1  1 .4  
5.53-1 3 . 2 ~ - 2  1 . 2 E - 1  g.lE-1 
3 . 6 ~ - 1  i . 9 ~ - 2  8 . 2 ~ - 2  4 . 8 ~ 1  
2.63-4 1 . 6 ~ - 5  6. OE-5 4 . h - 1  
2.63-4 1.6E-5 6. OE-5 4 . 6 ~ 3  
a 
bDose t o  individuals i s  at 0.5 mile and downwind of the  prevail ing wind direct ion.  
'6% moisture ore,  which produces a re la t ive ly  large amount of dust. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the  f i n a l  ( i . e .  20th yr) of operation. 
47% of the  maximum. 
Average dose i s  
a Table 7.8a. Maximum Annual Doses t o  Individualsb from Airborne Effluents 
t h a t  None of t he  Food I s  Produced Locally 
of a Model Uranium Mill at the  New Mexico S i t e ,  A s s u m i n g  
ORE DUST' AND RADON 
(Mill processes - t a i l i n g s  area not included) 
Process and 
Radwas t e Treatment 
Maximum 
Tota l  Body Dose Maximum Adult Organ Doses (mrem) 
Case (m=d Bone Liver Kidney L u g  
Solvent Extraction 
1 
2 
3 
4 
5 
6 
7 
7 . 9 ~ 4  
2 . 6 ~ 4  
6 .6~-2  
6 . 2 ~ - 6  
6 . 2 ~ - 6  
1 .3E-2  
1.33-2 
22.5 
7.4 
1.7 
3 . 6 ~ - 1  
3 . 6 ~ - 1  
1.73-4 
1.73-4 
1 . 2  5 .1  2.7 
3 . 8 ~ 4  1 .7  1 .2  
9 . 2 ~ - 2  4.OE-1 6 . 2 ~ 4  
1 . 9 ~ - 2  8.23-2 4 . 8 ~ - 1  
1.93-2 8 . 2 ~ - 2  4 . 8 ~ 1  
9.3E-6 4.OE-5 4.4E-1 
9.33-6 4. OE-5 4.43-3 
Alkaline Leach Same as Solvent Extraction Process 
a 
bDose t o  individuals i s  a t  0.5 mile and downwind of the prevailing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  (<.e .  20th y r )  of' operation. 
47% of t h e  maximum. 
6% moisture ore,  which produces a r e l a t ive ly  la rge  amount of dust. 
Average dose i s  
C 
, 
a Table 7.8b. Maximum Annual Doses t o  Individualsb from Airborne Effluents 
of a Model U r a n i u m  M i l l  at t h e  New Mexico Si te ,  Assuming 
t h a t  None of t he  Food Is Produced Locally 
YELLQW CAKE DUST 
Y 
Maximum Adult Organ Doses (mrem) Process and Maximum R a d w a s t e  Treatment Total  Body Dose 
Case Bone Liver Kidney Lung 
Solvent Extraction 
1 
5 
6 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
1.1 
2.83-1 
1. m-1 
5.63-2 
2.83-5 
2.83-5 
2.83-5 
5.03-1 
1.33-1 
4 . 9 ~ - 2  
2.63-2 
1.33-5 
1.33-5 
1.33-5 
25.3 
6.3 
2.5 
1 . 3  
6.33-4 
6.33-4 
6.33-4 
3.7 
9.33-1 
3.63-1 
1.93-1 
9.33-5 
9.33-5 
9.33-5 
1.2 
3.03-1 
1 . 2 E - 1  
6.13-2 
3. 03-5 
3.03-5 
3.OE-5 
2 . 6 ~ 4  
6.53-2 
2.53-2 
1.33-2 
6.53-6 
6.53-6 
6.53-6 
5.6 
2 . 9 ~ ~ -  
1 .4  
5.53-1 
1.43-4 
1.43-4 
1.43-4 
8. 03-1 
2.03-1 
7 . 8 ~ - 2  
4.lE-2 
2.  03-5 
2. 03-5 
2.  03-5 
8.1 
2 .0  
7.9E-1 
4. LE-1 
2.OE-4 
2.03-4 
r i l  
0 
W 
2.OE-4 
8 . 4  
2 . 1  
8 . 2 ~ 4  
4.3E-1 
2.LE-4 
2 .m-4  
2 .m-4  
a 
bDose t o  individuals i s  a t  0.5 m i l e  and downwind of the prevail ing wind direction. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th y r )  of operation. 
47% of the maximum. 
Average dose i s  
I 
a Table 7 . 8 ~ .  Maximum Annual Doses t o  Individualsb from Airborne Effluents 
of a Model Uranium Mill at  t h e  Wyoming Si te ,  Assuming 
t h a t  None of the Food I s  Produced Locally 
MILL PROCESSES~ 
(Tailings area not included) 
Process and 
Radwas t e Treatment 
Maximum 
Total  Body Dose Maximum Adult Organ Doses (mrem) 
Case (mrei) Bone Liver Kidney Lung 
Solvent Extraction 
1 1.6  
4 5 . v - 2  
2 4.4E-1 
3 1.43-1 
5 l.l.E-2 
6 2.83-5 
7 2.83-5 
Alkaline Leach 
1 
2 
3 
4 
5 
6 
7 
1.1 
3.B-1 
9. 3 ~ - 2  
3. IE-2 
1 . B - 2  
1.53-5 
1.53-5 
40.1 2 . 1  8.6 8.7 
11.5 5. 93-1 2.4 2.6 
3.6 1.83-1 7 . 6 ~ - 1  1 . 0  
1 . 4  6. 93-2 3.OE-1 5 . 8 ~ - 1  
6.63-2 2.43-1 
2 . x - 1  
3.OE-1 1.73-2 
6.83-4 3-33-5 1.43-4 2.33-3 0 
6.83-4 3.33-5 1.43-4 
rc 
r 
21. g 1 .3  4.8 8 .9  
7.0 3.93-1 1 . 5  2.6 
1.8 1.03-1 3 . 8 ~ - 1  1 . 0  
4.53-1 2.83-2 9. 93-2 5. gE-1 
6 . 6 ~ - 2  2 . h - 1  
2 . lE-1  
2.33-4 1.43-5 4.83-5 2.33-3 
3.03-1 1.73-2 
2.33-4 1.43-5 4.83-5 
~ 
a 
bDose t o  individuals i s  at 0.5 m i l e  and downwind of the  prevail ing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th y r )  of operation. 
42% of the  maximum. 
6% moisture ore,  which produces a r e l a t ive ly  large amount of dust .  
Average dose i s  
C 
, 
a Table 7.8d. M a x i m u m  Annual Doses t o  Individualsb from Airborne Effluents 
t h a t  None of t he  Food I s  Produced Locally 
of a Model U r a n i u m  M i l l  a t  t h e  Wyoming S i t e ,  Assuming 
om DUST' AND WON 
( M i l l  processes - t a i l i n g s  area not included) 
Process and 
Radwaste Treatment 
M ~ i m u m  
Total  Body Dose M a x i m u m  Adult Organ Doses (mrem) 
Case (=m> Bone Liver Kidney Lung 
Solvent Extraction 
Alkaline Leach 
6.63-1 
2 . u - 1  
1. IE-2 
1 . l? I -2  
5.23-6 
5.23-6 
5.2E-2 
18.9 
6.2 
3. OE-1 
1.5  
3.03-1 
1.53-4 
1.53-4 
1.1 
3.43-1 
8.23-2 
1 .m-2  
1 .m-2  
8.23-6 
8 . 2 ~ - 6  
Same as  Solvent Extraction Process 
4 .1  
1 .3  
3 . 2 ~ 4 -  
6 . 6 ~ - 2  
6 . 6 ~ - 2  
3.2E-5 
3.2E-5 
2 . 1  
3.7E-1 
9. OE-1 
2.4E-1  
2.4E-1 
2 . B - 1  
2 . 1 ~ - 3  
[u 
0 wl 
a 
bDose t o  individuals i s  a t  0.5 mile and dowiiwind of the prevail ing wind direct ion.  
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the  f i n a l  ( i . e .  20th y r  of Operation). 
Average dose i s  
42% of t h e  maximum. 
6% moisture ore,  which produces a r e l a t ive ly  large amount of dust .  C 
a b Table 7.8e. Maximum Annual Doses t o  Individuals from Airborne Effluents 
t h a t  None of the Food I s  Produced Locally 
of a Model Uranium M i l l  a t  t h e  Wyoming S i t e ,  Assuming 
I YELLOW CAKE DUST 
Process and 
Radwaste Treatment 
Maximum 
Total  Body Dose Maximum Adult Organ Doses (mrem) 
Lung Bone Liver Kidney Case b r a >  
Solvent Extract ion 
1 
2 
3 
4 
5 
6 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
I 
b 
7 
9.OE-1  
2 . 3 ~ 4  
8 .8~-2  
4 . 6 ~  
2.33-5 
2.33-5 
2.33-5 
4.OE-1 
1 . O E - 1  
3 . 9 ~ - 2  
1. OE-5 
1. OE-5 
2.OE-2 
1.OE-5 
21.2 
5 .3  
2 . 1  
1.1 
5.33-4 
5.33-4 
5.3E-4 
3.0 
7.5E-1 
2.  g ~ - i  
1 . 5 ~ 4  
7.53-5 
7-  53-5 
7.53-5 
9 . 8 ~ - 1  
2 . 5 ~ 4  
9 . 6 ~ - 2  
5.OE-2 
2.53-5 
2.53-5 
2.53-5 
2.m-1 
5.3E-2 
2.l-E-2 
l.m-2 
5.33-6 
5 . 3 - 6  
5.33-6 
4.5 
2 . 3 ~ 4  
1.1 
4.4E-1 
1 . m - 4  
1. E - 4  
1. YE-4 
6.513-1 
6 . 4 ~ - 2  
1.6E-5 
1 . 6 ~ 4  
3 . 3 ~ - 2  
1 . 6 ~ - 5  
1 . 6 ~ - 5  
6.6 
1 . 7  
6 . 5 ~ 4  
3 . h - 1  
1.7E-4 
1.73-4 
Iu 
0 m 
1.73-4 
6.8 
6. ~ E - I  
1.7E-4 
1.73-4 
1.73-4 
1 .7  
3.5E-1 
a 
bDose t o  individuals i s  at 0.5 mile and downwind of the prevailing wind direction. 
50-yr dose commitment from exposure t o  m i l l  e f f luents  during the f i n a l  ( i . e .  20th y r )  of operation. 
42% of t h e  maximum. 
Average dose i s  
, 
' 6 '  
Table 7.9. Major Radionuclides Contributing t o  Total  Body Dose from Airborne Effluents 
at 0.5 Mile from a Model Solvent Extraction M i l l ,  a Assuming 
t h a t  10% of t h e  Food I s  Produced Locally 
( M i l l  processes - t a i l i n g s  a rea  not included) 
Percent of Total  Body Dose 
d Ingest  ione Radionuclide b i n  A i r C  Ground' Inhalat ion 
Submersion Contaminated 
f 
Unat <o. 1 
<o. 1 
<o. 1 
<o. 1 
CO.1 
<o. 1 
1.6 
<o. 1 
<o. 1 
0.1 
<0.1 
<o. 1 
1 .3  
0.9 
6.6 
<o. 1 
<o. 1 
<o. 1 
3.4 
84.4 
0.1 
0.7 
1.0 
<o. 1 
a 
bRadionuclides contributing <O. 0% of dose a re  not l i s t e d .  
dInhalat ion r a t e  of 20 m3 of air  per day; inhaled p a r t i c l e s  are  l e s s  than 10 p i n  diameter. 
e 
Case 1. 
C Exposure i s  f o r  100% of the  time; no shielding. 
All food i s  produced and consumed a t  t he  locat ion of dose calculation. 
of vegetables, 0.3 kg of beef, and 1.0 l i t e r  of milk. 
Unat includes U, U, 234U (see 10 CFR 20) .  
Daily intakes are  0.25 kg 
238 236 f 
Table 7.10. Major Radionuclides Contributing t o  Individual Organ Doses from Airborne Effluents 
a t  0.5 Mile from a Model Solvent Extraction M i l l ,  a Assuming 
t h a t  10% of the  Food I s  Produced Locally 
( M i l l  processes - t a i l i n g s  area not included) 
Percent of Organ Dose 
Kidney Lung Bone Liver 
Radionuclide Inhaled Ingested Inhaled Ingested Inhaled Ingested Inhaled Ingested 
Unat 1.8 4.7 1.1 2.9 2.4 6.3 33.3 2.2 
20.6 0.5 9.4 0.3 25.7 0.7 1.6 0.1 
1.7 0.2 4.9 0.5 8.1 0.3 0.5 210pb 
<o. 1 0.4 <o. 1 7.8 0.1 14.5 0.4 0.7 210F0 
<o. 1 <o. 1 <o. 1 <o. 1 <0.1 <o. 1 1.6 <o. 1 222Rn 
0.7 69.6 0.7 72.5 0.4 41.3 4.6 54.6 
0.1 
2 2 e R a  
230Th 
a 
bRadionuclides contributing <O. 02% of dose are  not l i s t e d .  
Case 1. 
Unat includes 238U, 236U, 234U (see 10 CFR 20). C 
Table 7.11. Cumulative Population and Dose (man-rem) from 
Airborne Effluents as a Function of Distance from a 
Model Solvent Extraction Uranium M i l l  at the  
New Mexico S i t e ,  Case 1" 
( M i l l  processes - t a i l i n g s  area not included) 
Distance 
( m i l e s )  Population Dose 
1 . 3 ~ 4  0-2 i .9m+02 
1 . 3 ~ 4  0- 3 l.OlE+O2 
0- 4 3.37E+O2 1 . 5 ~ - 1  
0-10 2 . 6 6 ~ +  03 3. m-1 
0- 5 3.37E+O2 1 .5E-1  
0-15 4.15E+03 3.3E-1 
0-25 8.233+03 4.OE-1  
0-35 i . 1 9 ~ +  04 4.2E-1 
0- 45 2 .49~+04 4.4Ed 
0-55 5 . 3 l ~ + 0 4  4. gE-1 
a Population doses 'at t h e  Wyoming s i t e  are 8% of those a t  t h e  New 
Mexico s i t e .  
210 
Table 7.12. Maximum Annual "'Rn Doses t o  Lungs of Individuals 
a t  0.5 Mile" from Model Uranium Tailings Areasb 
Radiation Dose (mrem/year) 
M i l l  Operating (Near 
End of 20-Year Life 
of M i l l  When Tailings 
Cover M a x i m u m  Area) 
M i l l  Closed 
and F ina l  Cover 
Placed Over Tailings Process and 
Treatment Cas e New Mexico Wyoming New Mexico Wyoming 
Solvent Extraction 
1 
2 
3 
4 
5 
6a 
6b 
6c 
7 
Alkaline Leach 
1 
2 
3 
4 
5 
6a 
6b 
7 
43.5 
43.5 
27.6 
24.6 
5.0 
2 . 1  
1.8 
0.70 
24.6 
68.2 
68.2 
53.6 
52.5 
4.4 
1 . 3  
1 . 0  
52.5 
6.7 
6.7 
3 . 1  
2 .0  
2.9 
1 . 0  
0.90 
0.30 
2 .0  
16.0 
16.0 
7.8 
6.9 
2.4 
0.60 
0.50 
6.9 
100.5 
76.1 
22.0 
2 .4  
0.10 
0.39 
0.32 
0.70 
0.002 
100.5 
76.1 
22.0 
2 .4  
0.10 
0.24 
0.18 
0.002 
58.9 
44.5 
14.5 
1 .5  
0.04 
0.17 
0.14 
0.30 
0.001 
48.2 
36.5 
10.6 
1.1 
0.04 
0.10 
0.07 
0.001 
?Doses a t  1 mile are  5 .5  times lower for t he  New Mexico s i t e  and 3.5 
bThe areas of wet and dry t a i l i n g s  f o r  the d i f fe ren t  cases are  l i s t e d  
times lower for t he  Wyoming s i t e .  
i n  Tables 4.18 and 4.20. 
a C Table 7.13. M a x i m u m  Annual Doses t o  Individualsb and Population from Airborne 
Effluents of Model Uranium Tailings Areas' During the  Twentieth Year of 
Produced Locally 
Operation of t h e  Model M i l l ,  Assuming ' that  10% of t h e  Food I s  
TAILINGS DUST , CASE Id 
M a x i m u m  Populat ion 
Maximum Adult Organ Doses (mrem) 
Total  Body Dry 'Tailings Tota l  
Area Body Dose Dose 
S i t e  and Process (acres )  (mrem) Bone Liver Kidney Lung Spleen (man-rem) 
e New Mexico, 
Solvent Extract ion  48 16.6 168.0 19.4 27.0 16.9 21.6 4 .OE-1  
New Mexico , e 
Alkaline Leach 78 
Wyoming, 
Solvent Extraction I 2  
Wyoming, 
Alkaline Leach 37 
f 
f 
16.1 166.3 18.9 27.1 16.7 20.8 3.9E-1 
E 
44.4 447.9 51.7 71.9 44.1 57.7 1 . 2  
81.6 841.5 95.6 137.3 84.5 105.2 2.2 
a 50-yr dose commitment based on average annual wind speeds of 7 mph f o r  t h e  New Mexico s i t e  and 
10 mph f o r  t he  Wyoming s i t e .  
bDose t o  individuals i s  at 0.5 mile and downwind of the  prevail ing wind direct ion.  
C Dose t o  t h e  population i s  t h e  average t o t a l  body dose t o  t h e  population out t o  a distance of 
55 miles.  
%n Cases 2 through 7 t a i l i n g s  a re  t r ea t ed  t o  minimize airborne movement of t a i l i n g s  dust during mill 
operations (Sects. 4.4.1.4 and 4.4.3.1). 
e Average doses a t  0.5 mile a re  47% o f  t h e  maximum doses. 
fAverage doses a t  0.5 mile a re  42% of  t he  maximum doses. 
a Table 7.13a. Maximum Annual Doses t o  Individuals from Airborne Effluents 
of Model Uranium Tai l ings Areas During t h e  Twentieth Year of Operation 
of t h e  Model Mill, Assuming tha t  None of t h e  Food Is  
Produced Locally 
TAILINGS DUST, CASE lb 
Dry Tailings 
Area Dose ( m r e m )  
S i t e  and Process (acres)  Tota l  Body Bone Liver Kidney Lung 
C New Mexico, 
Solvent Extraction 48 2 . 5 ~ - 1  7.0 3 . 6 ~ 4  1 . 5  5 . 5 ~ - 1  
C New Mexico, 
Alkaline Leach 78 4.2E-1 l2.1 6 . 3 ~ 4  2.6 1.0 
d Wyoming, 
Solvent Extraction 12 6. ~ E - I  18.6 9 . 6 ~ - 1  4.1 4 .OE-1  
Wyoming, d 
Alkaline Leach 37 2 . 1  61.5 3.2 13.4 5.1. 
a 50-yr  dose commitment t o  individual  at 0.5 mile and downwind of t h e  prevai l ing wind d i rec t ion  based 
on average annual wind speeds of 7 mph f o r  t h e  New Mexico s i t e  and 10 xph f o r  the  Wyoming s i t e .  
Cases 2 through 7 t a i l i n g s  a re  t r ea t ed  t o  minimize airborne movemeqt of t a i l i n g s  dust during 
mill operations (Sects. 4.4.1.1 and 4.4.3.1). 
Average doses at 0.5 mile are  47% of the  maximum doses. 
dAverage doses at 0.5 mile a re  42% of t he  maximum doses. 
C 
, 
Table 7.14. Percentage of Total  Body Dose from Airborne Tailings o r  M i l l  Process as a Function 
of Exposure Mode," Assuming t h a t  10% of the  Food I s  Produced Locally 
Submersion C ont aminat e d d i n  A i r b  Groundb Inhalat ionC Ingestion 
Airborne Tailings 
Solvent Extraction Process <o. 1 0 .1  1 .4  98.5 
Alkaline Leach Process <o. 1 O J  2.5 97.4 
M i l l  Operat ions 
Solvent Extraction Process <o. 1 1.4 7.8 
Alkaline Leach Process <o. 1 1.1 4.1 
91.0 
95.0 
Iu 
P w 
%ose at 0.5 mile from t h e  New Mexico m i l l  i n  t h e  prevail ing wind direction. 
bExposure i s  f o r  10% of the time; no shielding. 
' A l l  food i s  produced and consumed a t  t he  locat ion of dose calculati.on. 
C Inhalat ion r a t e  of 20 m3 of a i r  per day; inhaled p a r t i c l e s  a re  l e s s  than 10 u i n  diameter. 
of vegetables, 0.3 kg of beef, and 1 . 0  l i t e r  of m i l k .  
D a i l y  intakes are 0.25 kg 
Table 7.15. Total  Maximum Annual Radiation Dose t o  Individuals a t  0.5 Mile from a 
Operating Model Uranium M i l l  and Tailings Area i n  New Mexico, Case l , ” j b  
Assuming t h a t  10% of the  Food I s  Produced Locally 
M I L L  PROCESSES AND TAILLNGS COMBINED 
Solvent Extraction Process Alkaline Leach Process 
(mrem) (n=m> 
M i l l  T a i l i ng  s Total  M i l l  Tail ing s Total  
Total  body 20.2 16.6 36.8 25.3 16.1 41.4 
Bone 232.4 168.0 400.4 265.5 166.3 431.8 
Liver 23.6 19.4 43.0 28.3 18.9 47.2 
Kidney 40.1 27.0 67.1 40.9 27.1 68.0 
Spleen 23.5 21.6 45.1 29.4 20.8 50.2 
L u g  29.3 60.4 89.7 35.2 84.9 120.1 
Iu 
t-l -r 
%wentieth year of operation when t a i l i n g s  cover maximum area. 
bThe doses a re  the  sum of the  doses from airborne par t icu la tes  and ”’Rn gas from the  operating 
m i l l  and the  ac t ive  t a i l i n g s  area as l i s t e d  i n  Tables 7.7, 7.12, and 7.13. 
Table 7.16. Total M a x i m u m  Annual Radiation Dose t o  Individuals a t  0.5 Mile 
from a Model Operating Uranium M i l l  and Tailings Area i n  Wyoming, 
Case l , " j b  Assuming t h a t  10% of t he  Food I s  Produced Locally 
MILL PROCESSES AND TAILINGS COMBINED 
Solvent Extraction Process Alkaline Leach Process 
mrem (mrem) 
M i l l  Tail ings Total  M i l l  Tail ing s Total  
Tot a1 body 16.5 44.4 60.9 20.6 81.6 102.2 
Liver 19.1 51.7 70.8 23.0 95.6 118.6 
Spleen 19.3 57.7 77.0 23.7 105.2 128.9 
Lung 23.6 50.8 74.4 28.4 100.5 128.9 
Bone 189.4 447.9 637.3 215.6 841.5 1057.1 
Kidney 32.5 71.9 104.4 33.2 137.3 170.5 
Iu 
P 
ul 
%wentieth year of operation when t a i l i n g s  cover maximum area.  
bThe doses are  the  sum of the  doses from airborne pa r t i cu la t e s  and "'Rn gas from the  operating 
m i l l  and ac t ive  t a i l i n g s  area as l i s t e d  i n  Tables 7,7c, 7.12, and 7.13. 
I.. 
2 16 n 
Table 7.17. Total  Maximum Annual Radiation Dose t o  Lungs of 
Individuals a t  0.5 Mile from Operating Model U r a n i u m  M i l l s  
and Tailings Areas i n  New Mexico and Assuming 
t h a t  10% of the  Food I s  Produced Locally 
MILL PROCESSES AND TAILINGS COMBIJ!JED 
Wyoming New Mexico 
h e m >  ( m e a >  
Proc e s s M i l l  Tailings" Total  M i l l  Tailings" Total  
Solvent Extraction 
1 
2 
3 
4 
5 
6a 
6b 
6c 
7 
29.3 
9 .1  
2.9 
1 .2  
7 . 5 ~ 4  
4.4E-1 
4 . h - 1  
4 . h - 1  
4.83-3 
60.4 
43.5 
27.6 
24.6 
5.0 
2 . 1  
1.8 
7.OE-1 
24.6 
89.7 23.6 
52.6 7.3 
30.5 2.2 
25.8 8 . k - 1  
5.8 4 . 6 ~ - 1  
2.5 2.m-1 
2.2 2.m-1 
1.1 2. lE-1  
24.6 2.4E-3 
50.8 
6.7 
3 . 1  
2 .0  
2.9 
1.0 
9.OE-1 
3.OE-1  
2 .0  
74.4 
14.0 
5.3 
2.8 
3.4 
1 . 2  
1.1 
5 . m - 1  
2.0 
Alkaline Leach 
1 
5 
6a 
6b 
7 
35.2 84.9 
10.6 68.2 
3.5 53.6 
1 .5  52.5 
7 . 5 ~ 4  4.4 
4.4E-1 1 . 3  
4.4E-1 1 .0  
5. OE-3 52- 5 
120.1 
78.8 
57.1 
54.0 
5.2 
1 . 7  
1 . 4  
52.5 
28.4 
8.5 
2.7 
1.1 
4.613-1 
2 . 1 E - 1  
2.l-E-1 
2.53-3 
100.5 
16.0 
6.9 
6. OE-1 
5. OE-1 
6.9 
7. a 
2 .4  
128.9 @ .  
24.5 
10.5 
8.0 
2.9 
8. m-1 
7. IE-1 
6.9 
%wentieth year of operation when t a i l i n g s  cover maximum area. 
bThe doses a re  the  sum of the  lung doses from airborne par t icu la tes  and 
'"Rn gas from t h e  operating m i l l  and the  act ive t a i l i n g s  area as l i s t e d  
i n  Tables 7.7, 7.7c, 7.12, and 7.13. The t a i l i n g s  area are  t r e a t e d  i n  
Cases 2 t o  7 t o  prevent t a i l i n g s  dust from blowing during operation of 
the m i l l .  
i
 
b
 
cd 
i
 
w 
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Table 7.19. Curies of Long-Lived Radionuclides Released 
During t h e  Twenty-Year Life  of  the  Fac i l i ty"  
M i l l  Process T a i  l ings  
Radionuclide Dusts Pileb Tot a 1  c i /m2 
234u 1.79EOO 2.383-2 1.81300 8.903-11 
2 3 E U  1.79300 2.383-2 1 . 8 1 ~ 0 0  8.903-11 
226Ra 1.24E-1 3.133-1 4.373-1 2,153-11 
230Th 9.013-2 3.183-1 4.083-1 2.003-ll  
22zRn - 8. 43E+3d 8 . 4 3 ~ + 3  - 
%he worst case, a Wyoming m i l l  using the  alkal ine leach process. 
bTailings dust resuspended from an average of 20 acres of dry beach 
over t h e  20-year l i f e  of t h e  m i l l  and from 25 acres of untreated 
t a i l i n g s  for 2 years following m i l l  closures and before the  f i n a l  
ear th  cover i s  placed. 
2.033 x l o l o  m2 i n  an area of 50-mile radius.  
a 6-inch ear th  cover a f t e r  m i l l  has closed. 
C 
dContinuous annual re lease of 222Rn from a ~ 2 8 - a c r e  t a i l i n g s  p i l e  with 
a -  
I 
L, b 1 cL 
Table 7.20. Major Radionuclides and Exposure Modes Contributing t o  the  Annual Total  Body Dose' 
t o  t h e  Average Individual After t he  M i l l  I s  Closed Unt i l  Signif icant  Decay 
o f  Radionuclides Occurs 
Exposure Mode 
Submersion C ont aminat e d 
i n  A i r  Ground Inhalat ion Ingest  ion Tota l  
Radionuclide (mem) (mrm) hem> (mem> 
234u 1.23-12 2.33-4 8.63-7 6.93-6 2.43-4 
23aU 7. IE-12 3.83-4 7.63-7 6.13-6 3.93-4 
2 2 6 R a  1.33-12 2.53-5 6.53-6 6.63-4 6.93-4 
(u 6.73-9 \D P230Th 2-63-13 4.43-5 2 .m-5  2.33-6 
Tota l  9.93-13 6.83-4 2.93-5 6.73-4 1.43-3 
9 
Dose a f t e r  t he  m i l l  closes from radon and the  radioactive materials which were dispersed during 
20 years operation of t he  Wyoming alkaline-leach m i l l  and 2 years wind erosion of t he  t a i l i n g s  
p i l e  before t h e  f i n a l  cover was placed assuming Case 1 releases  and a uniform d i s t r ibu t ion  of  
t h e  radioactive dusts within a 50-mile radius of t he  m i l l .  
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Table 7.22. Annual Dose t o  the Population' Af te r  t h e  Mill I s  Closed 
Un t i l  S igni f icant  Decay of Radionuclides Occurs 
Dose (man-rem per  5.3 x lo4  persons)  b 
Bone Lung Radionuclide Tota l  Body 
i . 3 ~ - 2  6.73-3 2.2E-3 
2. u-2 6.13-3 1.93-3 
2 3 4 ~  
2 3 8 ~  
'"Ra 3 . 6 ~ - 2  3 . h - 1  3.8~-2 
230Th 3.6E-3 4.5E-2 5.33-4 
1 . 8 ~ + 1  
1 . 8 ~ + 1  
222% - - 
Tota l  7 . h - 2  4.OE-1 
a 
bActual population within t h e  55-mile radius  of t h e  Wyoming model m i l l .  
Dose t o  t h e  population i s  t h e  average t o t a l  body and organ dose out  t o  a 
d i s t ance  of 50 miles.  
J 
I 
D 
Annual To ta l  
Case Cost" Body Bone 
No. ($1000 1 ( m r  em) (mrem) 
I Table 8.1. Tota l  Anqua1 Cost" for Reduction of t h e  Maximum Annual Dose from Model Uranium M i l l s  and Tai l ings  P i l e s  i n  New Mexico 
S t a b i l i z e d  
To ta l  Dose, M i 1 1  
Operating 
( m e n >  (man- rem ) 
Lung Liver Kidney Spleen Body Bone Lung Liver Kidney Lung 
(n.rem> (mrem) (mem) (mrem) (ma) (mrem) (mrem) (mrem) ( m r  em) 
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9. 
5 
O E + ~  
5.3~+1 
3.1~+1 
2.6~+1 
2.63+1 
.,8~00 
2.5300 
2.53+1 
2.2EOO 
l.lEO0 
I Acid Leach-Solvent Ext rac t ion  M i l l  
3 a08 2.2300 2.23+1 
4a 1,270 6 . 6 ~ 4  6. 7300 
4b 1,269 6 . 6 ~ 4  6. ~ E O O  
5 2,267 2.93-4 3. OEOO 
6a 3,163 3.33-4 3.33-3 
7 2,609 3.33-4 3.33-3 
6b 9,900 3.33-4 3.33-3 
1 
2 
3 
4a 
4b 
5 
6a 
6b 
6c 
7 
5.73+1 2.3~00 3.4300 2.4300 1.1E-1 2.lEoo 5.5E+1 1.23-1 4.83-1 2.23+1 5.23-2 
5.43+1 7. m-1 9.7E-1 7. E-1 3.9~-2 5.5E-1 5.3E+l 3.2~-2 2.4EOO 1.63-2 
5.4~+1 7.lE-1 9.7E-1 7.m-1 3. 93-2 5.5E-1 5.3E+1 3.2~-2 1.2E-1 2.4300 1.6~-2 
5.2EOO 3.4E-1 5. m-1 3.63-1 1.33-2 3.6~-1 4.9~00 1.93-2 1.OE-1 7. OE-3 8.23-2 
1.23-1 
3.43-4 4.83-4 3.43-4 1.93-5 2.63-4 1.7300 1.6E-5 6. OE-5 2.43-1 7.93-6 
1.4EOO 3.43-4 4.83-4 3.43-4 1.93-5 2.63-4 1.4E00 1.6E-5 6.013-5 1.8~4 7.93-6 
1.7300 
5.33+1 3.43-4 4.83-4 3.43-4 1.93-5 2.63-4 5.3~+1 1.6E-5 6.0~-5 2.03-3 7.93-6 
174 
2 01 
809 
1,734 
1,733 
2,984 
3,683 
7,692 
8,264 
3,074 
3.7E+1 
1.7300 
4.03-1 
4.OE-1 
2.lE-4 
2.lE-4 
2.1E-4 
6. 4300 
2.9~-1 
2. I..E-4 
4.OE+2 
7.3~+1 
1.9~+1 
5. moo 
5. 1300 
3. OEOO 
2.53-3 
2.53-3 
2.53-3 
2.53-3 
4.3E+1 
7.5~00 
1.8300 
8. 03-1 
8. OE-1 
3.43-1 
2.23-1 
2.23-1 
2.23-1 
2.2E-1 
6.7E+1 
1.33+1 
9.33-1 
9.33-1 
5. m-1 
3.3E00 
4.63-1 
4.63-1 
4.63-1 
4.6~4 
4.5E+1 
7.7300 
4.2E-1 
4.2E-1 
3.6~-1 
2.OE-4 
2.03-4 
2.03-4 
2.03-4 
1.8~00 
2.2EOO 
5.43-1 
1.83-1 
6.93-2 
6.93-2 
1.3~-2 
3.43-5 
3.43-5 
3.43-5 
3.4E-5 
Alkal ine Leach M i l l  
5 .I 5E+1 
1 .: 4E+ 1 
4.2300 
1.7300 
1.7~00 
3.6E-1 
8.03-4 
8.OE-4 
8.03-4 
8.0~-4 
5.4E+1 
2.93+1 
2.53+1 
2.5~+1 
5.5300 
2.5~00 
2.53i-1 
4.73+1 
2.2EOO 
1.lEoo 
2.8300 
6.8~4 
2.m-1 
8. OE-2 
8. 03-2 
1.9~-2 
3.93-5 
3.93-5 
3.93-5 
3.93-5 
1.23+1 
3. 0300 
9.53-1 
3.73-1 
3.73-1 
8.23-2 
1.83-4 
1.8E-4 
1.83-4 
1.83-4 
1.OE+2 
2.23+1 
2.4300 
2.4E00 
7.6~+1 
1.OE-1 
3.9~-1 
3.23-1 
2. 03-3 
7.03-1 
8.93-1 
1.6~-1 3 73-2 
9.73-3 
9.73-3 
7.OE-3 
4.73-6 
4.7E-6 
4.73-6 
4.7~-6 
I 
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Table 8.2. T o t a l  Annual Costa f o r  Reduction of t h e  Maximum Annual Dose from Model Uranium M i l l s  and T a i l i n g s  
M a x i m u m  Annual I n d i v i d u a l  Dose a t  0 .5  Mile 
M i l l  ODerating 
10% of  Food Produced b c a l l y  T o t a l  
Annual T o t a l  T o t a l  
None (%) of  Food Produced Lnc 
Case c o s t a  Body Bone Lung Liver Kidney Spleen Body Bone Lung Li  
No. ($1000 ) (mrem) (mrem) (mrem) (mem 1 (mrem) (mrem) (mem) ( w e d  (mem ) (m: 
Acid Leach - Solvent  Ex t rac t ion  M i l l  
1 180 
2 2 06 
3 580 
4a 1,546 
4b 1,544 
5 3,143 
6a 3,683 
6b 7,692 
7 2,914 
6c 8,264 
1 
2 
3 
4a 
4b 
5 
6a 
6b 
7 
174 
199 
804 
1,227 
1,226 
2,376 
3,163 
9,900 
2,568 
6 . 1 E + 1  
5 . 3 ~ 0 0  
1.4E00 
3 . 3 ~ 4  
3 . 3 ~ 4  
2.43-1 
1.73-4 
1.73-4 
1.73-4 
1.73-4 
6.4E+2 
5. 9E+1 
1 . 6 ~ + 1  
4.2EOO 
4.2E00 
2 . 5 ~ 0 0  
2 .  OE-3 
2 .  OE-3 
2 .  OE-3 
2.  OE-3 
7.4E+1 
1.4E+1 
5 . 3 ~ 0 0  
2 . 8 ~ 0 0  
2 . 8 ~ 0 0  
3.4E00 
1.2EOO 
1. l E O O  
2.  OEOO 
5.1E-1 
7 . lE+1 
6 . 2 ~ 0 0  
1 . 5 ~ 0 0  
2.83-1 
3 . 8 ~ - 1  
3.83-1 
1.8E-4 
1.83-4 
1.83-4 
1.83-4 
1.03+2 
l . O E + l  
7.53-1 
7 . 5 ~ 4  
4. E-1 
3.7E-4 
3.73-4 
2.7E00 
3.7E-4 
3.73-4 
7.7E+1 
6 . 2 ~ 0 0  
1 . 6 ~ 0 0  
2 . 9 ~ - 1  
3.43-1 
3.4E-1 
1.7E-4 
1.7E-4 
1.73-4 
1.73-4 
2 . 3 ~ 0 0  
4 . h - 1  
1.443-1 
5.7E-2 
5.7E-2 
1 . 1 E - 2  
2.83-5 
2.83-5 
2.8E-5 
2.83-5 
Alka l ine  Leach M i l l  
1 . O E + 2  
6. ~ E O O  
1 . 8 ~ 0 0  
5 . h - 1  
2.4E-1 
2.73-4 
2.7E-4 
2.7E-4 
5. '+E-1 
1.1.~+3 
6 . 6 ~ + 1  
1 . 8 ~ + 1  
5 . 5 ~ 0 0  
2 . 5 ~ 0 0  
5.5E00 
2.73-3 
2.73-3 
2.73-3 
i . 3 ~ + 2  
2 . 5 ~ + 1  
1 . 1 E + 1  
8. OEOO 
8. OEOO 
2 . 9 ~ 0 0  
8 . 1 ~ - 1  
6 . 9 ~ 0 0  
7 . lE-1  
1.2E+2 
7 . 2 ~ 0 0  
1 . 9 ~ 0 0  
2 . 8 ~ 4  
5 . 8 ~ - 1  
5.83-1 
2.83-4 
2.8E-4 
2.83-4 
1,7E+2 
l.OE+l 
2.7E00 
7.93-1 
7.93-1 
3.93-4 
3.93-4 
4.13-1 
3.9E-4 
i .33+2 
5 . 6 ~ 4  
2 . 9 ~ - 1  
7.3300 
2 .  OEOO 
5 . 6 ~ - 1  
2.83-4 
2.83-4 
2.83-4 
3 . 2 ~ 0 0  
3. LE-1 
3 . 1 ~ - 2  
3. LE-2 
9.1E-2 
1.l-E-2 
1.53-5 
1.53-5 
1.53-5 
5 . 9 ~ + 1  
1 . 2 E + 1  
3 . 6 ~ 0 0  
1.4E00 
1.4E00 
3. OE-1 
6.83-4 
6.83-4 
6.83-4 
6 . 8 ~ - 4  
8.3E+1 
7. OEOO 
1 . 8 ~ 0 0  
4.5E-1 
4.5E-1 
3.OE-1 
2.33-4 
2.3E-4 
2.3E-4 
1 . 6 ~ + 1  
9 . 3 ~ 0 0  
4. I300 
2.7E00 
2.7E00 
3. moo 
1.2E00 
1. l E O O  
2 .  OEOO 
5 . 1 E - 1  
3.OE+1 
i . 9 ~ + 1  
8 . 8 ~ 0 0  
7 . 5 ~ 0 0  
7 . 5 ~ 0 0  
2 . 6 ~ 0 0  
8. LE-1 
7.l-E-1 
6 . 9 ~ 0 0  
3.: 
5 . '  
1. I 
6.1 
6.1 
1.' 
3..  
3.: 
3 . .  
3 . ,  
4.1 
3 . '  
1.1 
2.1 
2.; 
1.' 
1. 
1. 
1.. 
%otal c o s t  f o r  reduct ion  i n  r e l e a s e  o f  r a d i o a c t i v e  m a t e r i a l s  i n  a i rborne  and seepage e f f l u e n t s  and improving t h e  long-term i n t e g r i t y  of t h e  s t o r ,  
bDose t o  t h e  popula t ion  i s  average t o t a l  body dose t o  t h e  popula t ion  ou t  t o  a d i s t a n c e  of 55 mi les ,  
. 
I 
i l e s  i n  Wyoming 
Mill Closed, 
Ta i l i ngs  
S t ab ili zed 
% Populat  i o  l o t a l  Body 
Dose, M i l l  
z l l y  P i l e  
-e r Kidney Lung Operat ing 
( m r e m )  (man- rem ) 3 m )  ( m r e m )  
300 
E- 1 
E - 1  
E-2 
E-2 
ti-2 
2- 5 
E-5 
E- 5 
E- 5 
E 00 
E - 1  
E - 1  
E-2 
E-2 
E-2 
E-5 
E-5 
E-5 
i . 3 ~ + 1  
2.4E00 
7 . 6 ~ - 1  
3.OE-1 
3. 03-1 
6.63-2 
1.43-4 
1.43-4 
1.43-4 
1.43-4 
1 . 8 ~ + 1  
1 . 5 ~ 0 0  
9: 9E-2 
9 . 9 ~ - 2  
6.63-2 
3 . 8 ~ - 1  
4.83-5 
4.83-5 
4.83-5 
5 . 9 ~ + 1  
4.4E+1 
i . 5 ~ + 1  
1 . 5 ~ 0 0  
1 . 5 ~ 0 0  
4.OE-2 
1.4E-1 
1.7E-1 
3 .OE-1  
1. OE-3 
4 . 8 ~ + 1  
3.73+1 
1.1E+1 
1. moo 
1. lEOO 
4.OE-2 
1 . O E - 1  
7.OE-2 
1. OE-3 
1 . 6 ~ 0 0  
3 . 5 ~ - 2  
1.4E-1 
8.53-3 
6.1E-3 
4.211-6 
4 . 2 ~ 6  
4.213-6 
4.22-6 
8.53-3 
2.7E00 1 -1 
4 . 6 ~ 2  
1.4E-2 
1.43-2 
'7. OE-6 
7. OE-6 
7. OE-6 
6. LE-3 
05E ‘E 002‘6~ 
/- 
h 
V 
n 
007 ‘6 00T‘Ol 
~ 
11x3 1 
a Table 9.2. Secular Equi l ibr ium of Uranium, Radium, and Thorium i n  Domestic Uranium Ores 
Uranium ( 23EU + 236u) Radium ( 226Ra + "'Ra) Thorium ( 230Th + 227Th) 
Ore '$ U30e dpn/gb r,lCi/g dpm/g pCi/g % Equil. dpm/g gCi/g % Equil. 
Ambrosia Lake 1 0.375 2,420 10.9E-4 2,560 11.53-4 106 2,040 9.183-4 84 
Arrowhead 0.133 717 3.233-4 1,820' 8.193-4 254 1,410d 6.353-4 197 
S chwart zwalder 1.2 7,750 34.93-4 7,290 32.83-4 94 7,650 34.53-4 99 
Ambrosia Lake 2 0.162 1,050 4.723-4 1,110 5.OOE-4 106 1,090 4.9~-4 io4 
Lukachukai Blend 0.270 1,740 7.833-4 1,940 8.733-4 111 2,260 10.23-4 130 
Lukac hukai 0.244 1,580 7.153-4 1,690 7.663-4 107 1,560 7.08~-4 
Ambrosia Lake 3 0.208 1,340 6.043-4 1,220 5.503-4 91 1,400 6.313-4 104 
Hidden Splendor 0.306 1,980 8.973-4 7,210 32.73-4 364 7,570 34-33-4 382 
99 iu 
Northgate #7 0.18 1,160 5.273-4 792 3.593-4 68 914 4.143-4 79 u Tu 
Midnight 0.089 '575 2.61E-4 607 2.753-4 106 724 3.283-4 126 
Gas H i l l s  #1 0.257 1,660 7.573-4 1,680 7.573-4 101 1,690 7.6~-4 102 
Gas H i l l s  #2 0.36 2,330 1.063-4 2,170 9.773-4 93 2,096 9.443-4 90 
a Janczry 1960 - Surmnary Report, WIN-112, National Lead Company, Winchester Laboratory (Feb. 1, 1960), 
P. 95. 
bCalculated using % U308 x 6460 = d p / g  (""U + 236U). 
%lay include 232Th + ""Th. 
May include 224Ra. C 
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Table 9.3. Comparison of Maximum Permissible Concentrations 
of Uranium-Radium Family with "Sr and 239Pu 
. 
(From 1 0  CFR 20, Appendix B, Table 11, Col. 2. The 1/3 fac tor  
has not been applied.)  
Soluble Insoluble Soluble Insoluble 
'nat 3E-12& 2E-l2& 2 ~ - 5 "  2E-5" 
- 'ore dust 8E-13& - - 
3E-I2 5E-12 4E-5 43-5 
238u 
234Th 2 ~ - 9  m-9 2 ~ - 5  23-5 
2E - 11 4E-12 33-5 33-5 
3E-14 3E-13 ZE-6 33-5 
- Pa 33-8 33-8 - 234 
234u 
230Th 
3E-12 2E-12 33-8 33-5 22sREi 
22aRn 33-9 - - - 
alePo 2E-14 2E - 1 4  33-8 33-8 
- 33-8 33-8 - 
33-8 33-8 - 
214pb 
- 21 4Bi 
2 1 4 ~ o  23-14 2E-14 33-8 33-8 
43-l2 8 ~ 4 . 2  m-7 2E-4 
2E-10 2E-10 4E-5 43- 5 
2E-11 7E- l2 73-7 33-5 
6 ~ - 1 4  l E - 1 2  53-6 33-5 
S r  3 E - l l  23-10 33-7 43-5 
210R 
210Bi 
210Po 
239= 
90 
Table 9.4. Uranium Concentration as a Function of Par t ic le  
Size i n  the Leach Feed and Tailings" 
Leach Feed Tailings 
$ o f  Total  u3 08 $ of Total  % 08 
Mesh Size Weight % Assay % of Total  Weight $ Assay '-$ of Total  
M i l 1 . D  - Acid Circui t  -Monthly Composite for February 1961 
+28 
-28 +35 
-35 +48 
-48 +65 
-65 +loo 
-100 +150 
-150 +200 
-200 
Calc. Head 
3.72 
9.46 
16.88 
18.37 
8.35 
4.50 
21.57 
100.00 
17.15 
0.186 
0.130 
0.113 
0.098 
0.099 
0.119 
0.151 
0.621 
0.224 
3.09 
5.49 
8.51 
8.03 
7.58 
4.44 
3-03 
59.83 
100.00 
3.57 
9.14 
16.69 
19.27 
17.90 
8.58 
4.43 
20.42 
100.00 
0.0170 
0.0092 
0.0046 
0.0037 
0.0048 
0.0047 
0.0075 
0.0179 
0.0082 
7.4.2 
10.28 
9.38 
8.72 
10.51 
4.93 
4.06 
44.70 
100.00 
Mill I - Alkaline Circui t  - Monthly Composite for  June 1972 
+48 10.5 0.103 8.2 3.6 0.054 16.4 
-48 +65 21.0 0.084 13.4 12.5 0.012 12.6 
-65 +io0 16.8 0.082 10.5 16.7 0.008 n . 2  
-100 +150 11.2 0.090 7.6 13.8 0.007 8.1 
-150 +200 8.9 0.097 6.6 11.4 0.006 5.7 
0.013 46.0 
Calc. Head 100.0 0.132 100.0 100.0 0.012 100.0 
-- -2 00 31.6 0.224 53.7 42.0 -- 
?From the  f i l e s  of A. H. Ross, A. H. Ross & Associates, Toronto, Canada. 
228 
Ave age $I of Total  Radium Uranium Thorium 
Fract ion Size' Weight (dlPn/g) (dlpn/g 1 ( d P / g  ) 
- I  
Table 9.5. Act ivi ty  of Uranium M i l l  Dust as a Function 
of Par t i c l e  Size" 
Dust: 
1 
2 
3 
4 
5 
6 
7 
118.7 54.6 
81.9 17.4 
58.5 19.5 
41.2 6.4 
32.2 1.29 
8.8 0.59 
5.3 0.25 
Weighted Average 
Gross Sample Analysis 
1145 
1321 
1164 
1888 
2007 
2146 
3053 
1291 
1340 
1082 
1278 
1881 
1856 
2 917 
1238 
1588 
l2 42 
1574 
1023 
1580 
1342 
15  30 
1946 
1300 
2849 -
1315 
%uarter ly  Report Apr i l  1, 1960 - June 30, 1960, WIN-117, Nartional Lead 
bNominal s ize .  
Company, Winchester Laboratory (Aug. 26, 1960), p. 21. 
@ -  
Table 9.6. Radium Distr ibut ion i n  Acid-Leached Tailings 
Radium 
$J of $7 of Cone entrat ion 
Tailings Total  T o t a h  (pgi/g o r  
M i l l  Fraction Weight" Radium 10- uCi/g) 
Mines Development, 1957' Sands 87 27 170 
Slimes 13 73 2,930 
Mines Development, 1966d Sands 84 33 204 
Slimes 16 67 2, 130 
e Gunni son 
f Climax 
Sands 45 22 235 
Slimes 55 78 680 
Sands 82 22 140 
Slimes 18 78 2,200 
Sands N.A. N.A. 1-9 3 
Slime s N.A. N.A. 800 
g Monticello, East Pond 
a 
bCalculated from process stream data  and radium concentrations presented 
Calculated from process stream data  presented i n  references. 
i n  references. 
E. C .  Tsivoglou, D.  C .  Kalda, and J. R.  Dearwater, The Resin-In-PulE 
Uranium Extraction Process. Mines Development Company, Edgemont, 
South Dakota, Technical Report w62-17, U. S. Public Health Service, 
R. A. Taft Sanitary Engineering Center, Cincinnati, Ohio (1962), 
dR. J. Velten and others,  National Environmental Research Center, 
Cincinnati, Ohio, "Evaluation of t he  Radioactivity Levels i n  the 
Vicini ty  of t h e  Mines Development Inc. 
South Dakota," unpublished memorandum (September 1966), pp. 5, 9, 12.  
S.  D.  Shearer, C .  E.  Sponagle, J. D. Jones, and E. C .  Tsivoglou, 
C 
PP. 9, 12. 
Uranium Mill at Edgemont, 
e 
The Acid Leach-Solvent Extraction Uranium Refining Process. I. 
Gunnison Mining Company, Gunnison, Colorado, Technical Report 
W62-17, op. c i t . ,  pp. 24, 27, 28. 
fJ. B. Cohen, C .  E. Sponagle, R. M. Shaw, J. D. Jones, and S. D. 
Shearer, The Acid Leach-Solvent Extraction Uranium Refining Process. 
11. Climax Uranium Company, Grand Junction, Colorado, Technical 
Report W62-17, op. c i t . ,  pp. 43, 47, 50. 
gData courtesy of Region I V  Office of t h e  AEC Directorbte of Regulatory 
Operations, Denver, Colorado, unident i f ied memorandum dated Feb. 27, 
1964. 
N.A. = Not available.  
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Table 9.7. Total Gamma Activity i n  Tailings as a Function 
of Par t ic le  Size, Spring 1973" 
Par t ic le  Size 
Distribution $7 of $I of Total  Tot a$ 
Weight Gamma Mesh Size !J 
M i l l  A, Acid Leach +20 
-20 +35 
-35 +60 
-60 +vo 
-120 +250 
-250 +325 
-325 
M i l l  C ,  Acid Leach +20 
-20 +35 
-35 +60 
-60 +EO 
-120 +250 
-250 +325 
-325 
M i l l  D, Acid Leach +150 
-150 
M i l l  F, Alkaline Leach +20 
-20 +35 
-35 +60 
-60 +EO 
-120 +250 
-250 +325 
-325 
>840 
5 00 - 8 40 
250-500 
125-250 
61-1-25 
44-61. 
<44 
>840 
500-840 
250-500 
125-250 
61-125 
44-61 
<44 
>840 
500-840 
250-500 
125-250 
61-125 
44-61 
<44 
0.1 
3.0 
31.3 
27.3 
10.5 
1.0 
26.6 
1.7 
u . 9  
27.5 
22.8 
9.9 
3.7 
21.5 
80 
20 
0.02 
0.03 
1.2 
11.6 
21.0 
11.4 
54.8 
0.2 
1.3 
6.4 
2.9 
2.2 
0.5 
86.5 
0.6 
1.8 
3.8 
6.1 
3.5 
1.4 
0.003 
0.03 
0.6 
3.8 
7.5 
4.9 
83.1 
"F. G. Seeley (ORNL), preliminary data. 
bSanrples not i n  equilibrium when counted, so t h a t  an absolute radium 
analysis could not be made; radium i s  proportional t o  the t o t a l  gamma 
and the % ra3ios give a good estimate of the radium dis t r ibut ion.  
'Samples a t  equilibrium. 
2 31 
Table 9.8. R a d i u m  Act ivi ty  as a Function of Pa r t i c l e  Size 
of Acid-Leached Tails" 
b Weight 
Mesh S i z e  g $ of Total  dPm/g of Total  
+200 28.0 50.0 845 14.5 
6.5 -200 +325 8.6 15.4 1,220 
-325 +4OO 0. a24 1.5 1,610 0.8 
-400 18.5 33.1 6,150 78.2 
a January 1960 - Summary Report, WIN-112 ,  National Lead Company, Winchester 
Laboratory (Feb. 1, 1960), p. 92. 
of a t y p i c a l  m i l l  grind. 
sample was ground i n  the  laboratory and i s  not necessar i ly  representat ive 
Table 9.9. Dust Control i n  Ore Handling 
Air Flow 
from Crusher, 
Screens , Belt b 
Crusher" Transfer Points, Efficiency 
Time Rate (cfm per 100 tons Ty-pe of Collector 
Operating Crushing Ore Bins, e tc .  of Dust 
M i l l  (hr/day 1 (tons/hr ) ore crushed per h r )  Dust Collect or (% 1 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
10 
5 
16 
14 
10 
13 
12 
10 
8 
6 
200 
70 
12  5 
357 
110 
42 
75 
140 
225 
2 00 
20,000 
36, ooo 
18, ooo 
2,800 
37,000 
26, ooo 
7,300 
None 
None 
4,000 
Orifice" 
Bag f i l t e r  
Wet impingement 
Not used 
d 
- 
Bag f i l t e r  
OrificeC 
Crusher: wet cent r i -  
fugal 
Screens: wet dynamic 
prec ip i t  a t  ore 
n. a. 
93.6 
99.9 
97.9 
99.9 
93.6 
91.0 
98.5 
n. a. 
n.a. = not available.  
a 
bC. J. Staimand, The Chemical Engineer - 194, CE322 (December 1965). 
dAlso ca l led  i r r i g a t e d  t a rge t  or perforated p la te .  
e 
Ore bins operate 24 hr/day. 
C Also ca l l ed  ba f f l e  or self-induced spray deduster. 
Also ca l l ed  dis integrator .  
ril 
W 
ril 
4 Q. 
I 
, 
Table 9.10. Dust Control i n  Yellow Cake Handling 
Air Flow Efficiency" 
Operating (cfm per 1000 of Dust 
Time l b  U308 processed Collector 
(% ) M i l l  (hr /day ) per 24 hr) Tyye of Dust Collector 
A 16 690 97.9 
prec ip i t  a tore  98.5 
b Dryer : wet impingement 
Packaging : wet dynamic 
B 24 n. a. n. a. 
C 24 370 Wet dynamic precipi  t a t  orc 98.5 
D 24 750 Wet dynamic prec i p i  t ato rc 98.5 
E 18 220 n. a. 
F 24 750 Dryer : venturi  
Packaging : bag f i l t e r  
99.8 
99.8 
97.9 b G 24 1,140 Wet impingement 
H 24 n. a. n.a. 
I 16 62 0 d Dryer: o r i f i c e  
Packaging: bag f i l t e r  
J 24 n. a. n. a. 
K 24 170 n.a. 
93.6 
99.8 
n.a. = not available.  
a 
bAlso ca l l ed  i r r i g a t e d  t a rge t  or perforated p la te .  
dAlso ca l l ed  ba f f l e  or  self-induced spray deduster. 
C .  J. Stairmand, The Chemical Engineer 194, CE322 (December 1965). -
Also ca l led  dis integrator .  C 
Iu 
W 
W 
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a Table 9.11. Stack Effluents from Uranium Mills,  
January 1961 - April 1966 
(una,, p C i / d )  
Ore Dusts Yellow Cake Dusts 
M i l l  Crusher Ore Dryer Dryer Other 
L 1.4 
M 42 
N 24 
0 
P 
Q 
R 
S 
T 
U 
v 
W 
X 
Y 
Z 
415 
300 
66 
230 
676 
179 
157 
3.4 
1,300 
si, 780 
84 
1,510,000 
(22 cfln) 
32 0 
1,814 
102,000; 3,900 
(57 cfm);(lg cfm) 
17,180 
(2500 cfh)  
A6 
218 61 
5,920 1,936 
26, 907 18 
a Data courtesy of Region IV Office of the  AEC Directorate of Regulatory 
Operations, Denver, Colorado. 
Table 9.12. Ore Dust Losses, Spring 1973 
Ratio of 
Uranium Content 
of Ore Stack a Moisture Efficiency 
Content Type of of Dust Calc. Dust Load t o  Dusts t o  
Ore Dust b s s  of  Ore Dust Collect  o r  t h e  Dust Collector Uranium Content 
Mill (% of ore  processed) (% 1 Collect  o r  (% ) (% of ore processed) of M i l l  Feed 
D 1.OE-4 9-10 None - 0.0001 2.25 
A 1.63-4 8 Or i f ice  93.6 0.002 ? 
G 5.OE-4 6 Or i f ice  93.6 0.008 2.5 
(By weight) ' (By weight ) 
(BY c i  of Unat) (BY c i  of Unat) 
(By weight ) (By weight ) 
~ ~ 
C .  J. Stairmand, The Chemical Engineer 194, CE322 (December 1965). a -
236 
237 
Q 
Table 9.14. Average Medium P a r t i c l e  Size of Dust Samples Collected 
Inside Uranium Mills" 
Average Mass Medium Size (p) 
Ore 
Sampling Ground 
Areas Ore Concentrate b M i l l  
A 
B 
C 
- 
4.5 
5.0 
- 
3.3 
- 
- 
- 
2.0 
E 
F 
G 
4.3 
4.2 
4.5 
H 4.2 
I 4.9 
J 
K 
L 
- 
4.6 
4.6 
3.3 
3.1 
2.7 
3.5 
- 
- 
2.1 
- 
Average 4.5 3.0 2.5 
"w. B. Harris,  A. J. Breslin,  H. Glaubeman, and M. S. Weinstein, Arch. Ind. 
bMill code r e fe r s  t o  d i f f e ren t  m i l l s  from those i n  the  Spring 1973 survey. 
Health 20, 374 (1959). 
238 
Table 9.15. Pa r t i c l e  Size Distr ibut ion of  
Uranium M i l l  Dust" 
Ave Size *ge '$ of Total  
Fract ion (IJ 1 Weight 
1 118.7 54.6 
2 81.9 17.4 
58.5 
41.2 
32.2 
a. 8 
5.3 
19.5 
6.4 
1.29 
0.59 
0.25 
Quarterly Report Apr i l  1, 1960 - June 30, 1960, U I N - 1 1 7 ,  National 
Lead Company, Winchester Laboratory (Aug. 26, 1960), p. 21. 
a 
bNominal s i z e .  
8'  
I 
239 
Table 9.16. Par t i c l e  Size Distr ibut ion of Standard 
Indus t r i  a1 Test Dust a 
(Fine s i l i c a ,  densi ty  2.7 g/cm3) 
Percent age, by 
Weight, Smaller 
Size of Grade Percentage, by than Top Size 
(II ) Weight, i n  Grade of Grade 
104-150 3 100 
75 -104 7 97 
60-75 10 90 
40-60 15 80 
30-40 10 65 
20-30 10 55 
15 -20 7 45 
10-15 a 38 
7 - 1/2 - 10 4 30 
5- 7-1/2 6 26 
2 -1/2 - 5 8 20 
<2-1/2 12 12 
"C. J. Staimand, The Chemical Engineer 194, C E 3 l l  (December 1965). -
2 40 
Table 9.17. Environmental Monitoring of 
Airborne Dust at the Site Boundary of 
Unrestricted Area, Spring 1973 Survey 
'nat 
M i l l  (10-l~ pCi/d) 
A 
C 
D 
E 
F 
H 
I 
J 
K 
10 
2 
7 
2*7 
0.55 
0.6-7.6 
14.7 
10 
6.4-14.8 
Table 9.18. LiaVid Effluents from Uranium Mil ls ,  Spring 1973 
Volume of Radioisotopes 
Liquid Waste (g / l i t e r ld  (pCi/Liter or  lo-' g c i / d )  Chemicals ( g / l i t e r )  
(tons/ton of 
Process MXL ore processed) U "%a a30Th Z I O n  210% Gross u pH so,- c 1- Na+ Na;?C03 Na".% 
1 
2 
3 
Solvent 
Extraction 
1.4 
1.4 
1.6 
0.02 
0.009 600a 1,200a 
0.015 360 a7, ooo 
150,000 0.03 
27 11,000 
4 2.7 
5 2.5 0.005 539
6 1.6b 0.13 
7 1.2 0.020 
a 2.5 0.009 0.25' 0.95' 
Resin-in- 
Fulp Ion 
Exchange 
2.6 6.5 3.3 2.2 
0.9 0.8 1.5 0.8 0.030 3,220 9.4 
20 80 20 10.5 20 -1 6.0 1.3 
Alkaline 9 
Circui t  10 0.3 0.015 100 
%ll operator has l i t t l e  confidence i n  analysis. 
bMoving-bed ion exchange. 
'Neutralized e f f luent .  
dl g Unat/liter = 3.3 x 16' clci u n a t / ~ .  
2 42 
,Table 9.19. Liquid Ef f luen t s  from Uranium Mi l l s ,  1959-196~~ 
(mg/ l i t e r )  
~~~ 
Public 
Health 
Serv ice  
Drinking Resin-in- 
Pulp Ion 
b Water 
Mill Eff luent  t o  Ta i l ings  Ta i l ings  Pond Overflow Composition 
Amine Resin-in- 
Solvent Pulp Ion Alkaline C i rcu i t  
Chemical Standards Exchange C d Ext rac t  ion  e Exchange e Alkaline C i rcu i t e  - 
c 1  250 1,350 275 286 110 190 81 
s 04 250 6,450 2,910 3,860 1,760 
M g  550 
No3 45 100 
72 535 
1,270 
<lo 
cu 1 1.3 
F 3.8 
B 0.1 
Fe 
Mn 
Pb 
A s  
u3 08 
Na 
Ca 
0.3 350 
0.05 450 
0.05 
0.01 
220 42 <0.1 
30 110 0 
0.65 
0.20 0.49 0.21 
3.4 16 9.9 
1,050 2,950 4,450 3,450 
550 520 530 <lo 
aData on s a l t  roas t  and di(2-ethylhexy1)phosphoric 
bS. W. West, "Disposal of Uranium Mill Eff luents  Near Grants, New Mexico," U. S. Geol. Survey Profess.  Paper 
'J. B. Cohen, H. R. Pahren, and M. W. Lammering, "The Carbonate Leach Uranium Ext rac t ion  Process. 
ac id  so lvent  ex t r ac t ion  processes i n t e n t i o n a l l y  omitted s ince  t h e i r  
wastes a r e  q u i t e  d i f f e r e n t  from those  today. 
D376-379 (1961). 
Mexico Par tners  Company, Grants, New Mexico," Technical Report w62-17, U. S. Public Health Serv ice ,  R. A. Taf t  
San i t a ry  Engineering Center,  Cinc inna t i ,  Ohio (1962), pp. 60, 69. 
Sapins Par tners ,  Grants, New MeXico," Technical Report w62-17, op. c i t . ,  pp. 78, 79, 88. 
No. 421, 
I. Homestake - New 
%. R. Pahren, M. W. W e r i n g ,  and J. Hernandez, "The Carbonate Leach Uranium Ext rac t ion  Process. 11. Homestake - 
eRaw Mater ia l s  Developent  Laboratory, Winchester, Mass., "Nature of Wastes from t h e  Uranium Mil l ing  Industry' '  i n  
I n d u s t r i a l  Radioactive Waste Disposal (Hearings before  the  Spe'cial Subcommittee on Radiation of t h e  Jo in t  Committee 
on Atomic Enera,Congress  of t h e  United S t a t e s ,  86th C o w r e s s ,  1 s t  Sess ion ,  Jan. 28-70 and Feb. 2-7. 1954 ,Vol.  1, 
p.63. 
Table 9.20. Radium and Thorium Content i n  Uranium M i l l  
Tail ings or Tailings Pond Water, 1959" 
Radium Thorium 
( p c i l l i t e r  (pc illit e r  
M i l l  Process p'f~ or 10- p C i / d )  or 10- pCi/rnl) 
b Acid-RIP 
Acid-RIP 
Acid-RIP 
Acid-RIP 
Acid-RIP 
Acid-RIP 
Acid-IX Columnsc 
Acid-IX Columns 
Acid-SXd  
.Acid-SX 
Acid-SXd  
Acid-SXd 
Acid-SX 
Alkaline - F i l t r a t  ion 
Alkal ine-Fi l t ra t ion 
Alkaline-Filt rat ion 
Alkaline -F i l t r a t ion  
Alkaline -RIP 
e 
Acid-RIP + Alkal ine-Fi l t ra t ion 
Acid-RIP + Alkaline-Filtratione 
Acid-SXd + Alkaline-Filtratione 
Acid-SXd + Alkaline' 
Acid-RIP (plus  lime) 
1 .9  
1.8 
2.0 
2 . 2  
1.6 
2.5 
1.9 
1.8 
1.8 
2.8 
1.5 
1 . 5  
1 .7  
9.8 
9.8 
10.2 
10.3 
10.1 
7.1 
6.8 
6.7 
6.9 
7.7 
8,870 
5,300 58,100 
2,920 
7,610 
2 , 630 1,150 
11,300 147,000 
81,600 477;OOO 
24,900 186, ooo 
4,010 
6,490 
1,860 
4,010 
1,890 
17 
99 
4,910 
261 
440 
126 
88 
447 
32 3 
10 
130 
a January 1960 - Summary Report, W I N - U 2 ,  National Lead Company, Winchester 
Laboratory (Feb. 1, 196O), p. 57. 
bRIP = resin-in-pulp ion exchange. 
I X  = ion exchange. 
'Acid-SX process i n  1959 would have been one of t he  di(2-ethylhexyl) 
phosphoric acid (EHPA) solvent ex t rac t ion  processes which are  now 
obsolete. 
Wastes neutral ized by mixing acid and alkal ine wastes from 2 separate 
c i r c u i t s  at the  m i l l .  
C 
e 
Table 9.21. Chemical Usage i n  Uranium Mills, Spring 1973 
Chemical Usage (lb/ton of ore processed) 
Ion-Exchange Grinding 
Process Mill &+SO4 N%C103 Mnh N& NaOH MgO CaO N a C l  i'&N03 N%COs Amine" Alcoholb Kerosene Flocculent Resin Rods 
Solvent 1 60 2.0 - 1.7 0.03 0.08 0.08 0.13 0.5 
Extraction 3 85 2.4 - 2.8 0.04 0.04 1.19 0.19 Yes 
7.8 0.75 - 1 .4  4.4 38 - 0.32 0.5 
2.0 - 8.5 0.03 0.03 0.30 0.34 Yes 
0.008 0.02 0.42 0.34 Yes 
1.5 - 4.4 0.02 0.02 0.31 0.04 Yes 
8 165 4 2 1.2 - E  8 Yes Yes Yes 
4 59 
Ion 5 9  
Exchange 6 60 5.0 - 2.5 0.2 
7 47 
- 15 12 
- 76 6 1.8 
A l k a n e  9 
Circuit  10 3.3 
Yes 
Yes 
aAlamine 336 and Adogen 364 are used interchangeably. 
bIsodecanol and tridecanol a re  used interchangeably although isodecanol i s  more common. 
iu c c 
I 
Table 9.22. Composition of Uranium Mi~ll T t i i T i T  
Arizona 
Tuba C i ty  
Colorado 
Canon C i ty  
mrango ( l a rge  p i l e )  
mrango (small  p i l e )  
Grand Junct ion 
Gunnison 
Maybell 
Natur i ta  
Na tu r i t a  (upgrading) 
R i f l e  (o ld  m i l l )  
Rif l e  (new m i l l )  
Sl i ck  Rock 
S l i c k  Rock (n. con t . )  
Uravan 
New Mexic% 
Ambrosia Iake, Kerr-McGee 
Ambrosia Iake, old Phi l ip s  
p i l e  
Bluewater, Anaconda 
Grants, o ld  Homestakes 
Grants, United Nuclear, 
Shiprock 
Partners  
Romestake 
Utah -
Green River 
Hite  
Mexican Hat 
Moab 
Monticello 
Monument Valley 
S a l t  Iake C i ty  - South 
S a l t  lake C i ty  - North 
Wyoming 
Converse County, Western 
Gas Hi l l s ,  Federal  American 
Gas Hi l l s ,  Utah I n t .  
Gas H i l l s ,  Union Carbide 
J e f f r e y  C i ty  
Riverton 
Sh i r l ey  Basin, Petrotomics 
Nuclear 
Other -
Oregon, Iakeview - 6hW 
Oregon, Iakeview - Main 
South Dakota, Edgemnt 
Texiis,  Falls Ci ty  
Washington, Ford 
Inac t ive  
Active 
Inac t ive  
Inac t ive  
Inac t ive  
Inac t ive  
Inac t ive  
Inact ive 
Inac t ive  
Inac t ive  
Active 
inac t ive  
Inac t ive  
Active 
Active 
Inac t ive  
Active 
Inac t ive  
Active 
Inac t ive  
Inac t ive  
Inac t ive  
Inac t ive  
Active 
Inac t ive  
Inac t ive  
Inac t ive  
Inac t ive  
Inac t ive  
Active 
Active 
Active 
Active 
Inac t ive  
Active 
Inac t ive  
inac t ive  
Active 
Active 
Inac t ive  
796,000 
590,000 
)1 ,622,000 
2,028,000 
2,566, ooo 
545,000 
} 723,000 
200,000 
2,060,000 
} 468,000 
5,520,000 
12,600, ooo 
2,684,000 
9,800,000 
1,218,000 
11,100,000 
1,549,000 
123,000 
20,000 
2,000,000 
6,200,000 
903,000 
1,100,000 
980 
1,400 
j 890 
900 
440 
290 
j- 850 
1,040 
910 
750 
730 
710 
670 
760 
6yo 
670 
610 
710 
890 
820 
1,030 
910 
90 
690 700 1 516 
217 
8111 
480 
140 
555 
524 
177 
340 
310 
70 
350 
470 
270 
70 
130 
240 
150 
33 
294 
94 
766 
37'+ 
103 
159 
144 
180 
992 
633 
407 
594 
147 
557 
140 
490 
5 1 0 j  
143 
555 
370 
59 
918 775 660 213 
347 46 
202 133 61 61 
1241 
62 
639 
306 
76 
106 
88 
-2 
j800 
240 
880 
600 
170 
650 
1150 
160 
340 400 
580 810 
520 720 
220 240 
474 882 880 39 
174 99 
42 691 59 50 
Iu 
F- 
Ln 
568 550 
441 370 
840 920 
1,070 560 
53 
199 
1,960 
4d 
88 130 19 
191 
280 380 
108 92 
163 116 
238 150 
522 350 
1,180 700 
2,660 1,400 
122 97 442 460 
5 8 
269 310 
393 360 
61 52 
136 I d  0 
700 5 90 
2 0 26 
400 250 
47 
96 
r7 
58 
1 420 
590 
5 00 
700 
%is i s  not a d e f i n i t i v e  l i s t  of p i l e s ,  bu t  only those  which have been sampled. 
bR. J. Augustine, "Inventory of Active Uranium Mi l l s  and Tai l ings P i l e s  a t  Former Uranium Mi l l s , "  C r i t e r i a  and Standards Division, Office of Radiation Programs, August 1970, as quoted by D. L. 
'Federal Water Po l lu t ion  Control  Administration. Reeion V I I I .  Denver: U.  5. Deot. of Health, Education and Welfare. "Disposition and Control of Uranium Mill T a i l i m s  P i l e s  i n  the Colorado River 
Duncan i n  Overview and Suggestions f o r  Correcting the  U r a n i u m  M i l l  Ta i l i ngs  Problem, Western Environmental Research Laboratory, Environmental Protect ion Agency, June 1971. 
, I  , -  
Basin,'! as publ ished i n  Radioactive Water h l l u t i o n  i n  t h e  Colorado River Basin (Hearings before the  Subcommittee on A i r  and Water Po l lu t ion  3f the  Committee on Public Works, United S ta t e s  
Senate, Eighty-Ninth Congress, 2nd Session, May 6 ,  19661, p. 124. 
dJ. H. Harley (Health and Safety Laboratory, New York), Analyses of Ta i l i ngs  Pile Materials ,  memorandum t o  D. I. Wallrer (Director ,  Region IV, Division of Compliance, Denver), Apr i l  28, 1964. 
eIDO and HASL numbers a r e  independent analyses of " s p l i t "  samples. 
'M. B. Bi les  (Director ,  Division o f  Operat ional  Safety, AEC), cor re spndence  t o  V .  G. MacKenzie (Deputy Director ,  Bureau of Disease Prevention and Occupational Health, public Health se rv i ce ,  
gpl-is analyses f o r  l ead  appear t o  be low by comparison with ID0 and HASL, and are  incons i s t en t  with secular  equilibrium. 
hC. W. S i l l  (Health and Safety Branch, Idaho Operations Off ice) ,  Analysis of M i l l  Ta i l i ng  for Lead-210, memorandum t o  D. I. WaLker (Director ,  Region I V ,  Division of Compliance,  en^^^), 
These a r e  d i f f i c u l t  analyses t o  do, and t h e  accuracy seems t o  be only tl5 o r  2'%, 
HEW), March 13,  1967, as quoted by D. L. Duncan, l oc .  c i t .  
Sept .  la, 1964. 
'J. B. Cohen, H. R. Pahren, and M. W. Lammering, The Carbonate Leach Uranium Extract ion Process, I. Homestake-New Mexico Partners  Company, Grants, New Mexico, Technical Report W-62-17, u. s. 
Public  Health Service,  R .  A.  Ta f t  San i t a ry  Engineering Center, Cincinnat i ,  Ohio (1962), pp. 60, 66. 
JH. R. Pahren, M. W. Lammering, and J. Hernandez, The Carbonate Leach Uranium Extract ion Process, 11. Homestake-Sapins Par tners ,  Grants, New Mexico, Technical Report W-62-17, op. c i t . ,  
5. N. Snel l ing,  Radiol. Health Data Rept. 2, 5ll -17 (1970). 
'R. N. Snel l ing,  Radial. Health Data Rept. 2, 17-28 (1971). 
unat/g = 0.33 pCi Unat/g = 0.33 x IO-' PCi Unat/!3. 
PP. 78, 85. 
"1 

: 1. . 
Table 9.24. Range of Composition of Uranium Mill Tailings 
Tuba CityC b Monument Mexican Hat 
Avg . Range Avg . Range Avg . Range 
u, Ilg/gd 33 17-49 150 27-470 
226Ra, pCi/ge 59 48-77 370 27-860 
230 ~ h ,  pciJg 46 28-56 1960 220-3,700 
Gama radia-cion leve l ,  mR/'hr 
Surface 0. og 0.02-0.3 0.5 0.01-3.0 0.9 0.02 -6.0 
A t  3 f t  0.08 0.03-0.2 0.5 0.02-3.0 0.7 0.03-5.8 
%. N. Snelling, Radiol. Health Data Rept. - ll, 511-17 
bR. N. Snelling, Radiol. Health Data Rept. - 12, 17-28 (1971). 
d 
e 
(1970). 
R. N. Snell ing and S. D. Shearer, Radiol. Health Data Rept. 10, 475-87 (1969). C -
1 pg Unat/g = 0.33 pCi  Unat/g = 0.33 x 
1 pci/g = pci/g. 
V C i  Unat/g. 
I 
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Table 9.26. Airborne Radioactivity from Tailings Pile 
(Mills Inactive) 
Tailings Airborne Par t icu la tesa  
pCi/ml of A i r  Composition 
Sampling 21hm 214, 
Sampling Station 
Period Gross CY 2 ~ 6 ~ ~  230Th 2%0 b c a t i o n  
Area 226Ra 230Th 
Pi le  (acres) (Dci/g) (p ci/g) Wind Code 
Tuba City, 65 980 
Arizona 
Monument 25 59 
Valley, e 
Arizona 
370 
f 
Mexican H a t ,  35 
U t a h  ’ ’ 
Unstable atmospheric 
conditions with 
strong westerly 
winds, atmospheric 
radon minimal due t o  
atmospheric d i lu t ion  
46 Calm f i r s t  6 days, 
strong winds l a s t  
4 days 
Light wind f i r s t  7 
days; l a s t  4 days, 
10-20 mph winds 
during daylight, 
l i g h t  inversions a t  
night 
1,960 
1 
2 
3 
4 
5 
6 
7 
8 
10 
12  
1 
2 
kl200 f t  E of p i l e  
N 
NE 
NE 
NE 
On p i l e ,  downwind 
S 
On p i l e ,  upwind 
On p i l e ,  center 
On p i l e  
Downwind 
3 Upwind 
It * kwnwind 
1 Upwind 
2 Upwind 
3 M i l l  area 
4 On t a i l i ngs ,  NW side 
5 On t a i l i ngs ,  NE side 
6 500 f t  of p i l e  
7 NE of p i l e  
8 
9 
3 M i l l  area 
4 On t a i l i ngs ,  Nw side 
5 On t a i l i ngs ,  NE side 
5 On ta i l ings ,  NE side 
5A NE of p i l e  
5B NE of p i l e  
5B NE of p i l e  
1 mile N of p i l e  
1 mile N of p i l e  
10.3 
7.0 
1.6 
10.3 
<1 
<1 
2.2 
1 . 5  
10 
‘19 
<1 
<1 
<1 
560 
2 
3 
2 
2 
5 
180 
1 
7 
2 . 3  ‘1.5 
0.5 0 .7  
0.1 0.6 
0.6 1.1 
0.02 ND 
0.02 ND 
0.2 0.7 
0 .1  0 .3  
0.5 0.7 
0.7 1 . 4  
0.07 NE 
0.02 ND 
0.03 ND 
22,000 4,000 
o 300 6,l 
o 12,000 16, 
0 1,000 10, 
1,000 3,000 3, 
21,000 5,000 1, 
12,000 9,000 8, 
?Presumably samples were collected 3 f t  above the ground o r  surface of the t a i l i ngs  since t h i s  i s  the height a t  which the gamma survey was made. 
bGrab samples a t  Tuba City and Monument Valley; 24-hr samples a t  Mexican Hat. 
‘R. N. Snelling and S. D. Shearer, Radiol. Health Data Rept. lo, 475-87 (1969). 
?Estimated. 
eR. N. Snelling, Radiol. Health Data Rept. _11, 5ll-17 (1970). 
fR .  N. Snelling, Radiol. Health Data Rept. 12, 17-28 (1971). 
%D = not detected. t 
\ 
+J 
I 
Radon GasaJb 
pCi/ml of A i r  
or pCi / l i t e r  of a i r )  Date Sampled 
519, 5/12/67 
519, 5/11, 
5/12/67 
5/9/67 
5/28, 6/3, 
6/6/67 
5/28, 6/3/67 
5/28/67 _ _  
6/3/67 
5/27/68 
5/28/68 ’ 
5/29, 6/6/68 
5/30, 6/4/68 
5/31/68 
6/1/68 
--==a- 
J 
3.2 
0.2 
0.5 
1 .3  
3.5 
1.8 
0.8 
0 . 1  
0.4 
0 .5  
0.3 
0. 4 
1.6, 0.6 
5.7, 0.7 
8 .4  
7.5 
14.0 
13.0 
ii 
I 
, 
Table 9.27. 
pi l e  
Durango, Colo . 
Grand Junction, Colo. A 
I 
S. Mont i ce l lo ,  U t  ah 
S a l t  Lake City, Utah A 
i 
a S. D. Shearer, Jr., and C .  
Tai l ings P i le ,  DER 69-1, P 
b48-hr sample col lected 3 f 
Analysis of samples cross- 
Radio logic  a 1  Health Lab o r a  
30-day exposure of t h e m o l  
and two to f o u r  of f -p i le  s 
$robable na tura l  backgroun 
e Off-pile = natura l  backgro 
C 
Atmospheric Radon i n  the  Vicini ty  of Uranium M i l l  Tail ings a 
~ 
b Gross 
Gamma 
Level' 
During Survey Sampling Sta t ions  Stat ions Average Range (mR/hr ) 
Radon-222 
pCi / l i t e r  of a i r )  
Number (10-9 pci/mI or Radiation 
Status Location of of 
t i v e  
lactive, dry 
ab i l i zed  with 
, f t  s o i l  cover 
t i v e ,  9 months; 
iactive and wet, 
months 
On p i l e  
1/2 mile from p i l e  
Other o f f -p i l e  
On p i l e  
1/4 mile from p i l e  
Other of f  -p i le  
On-pile 
O f f  -pi le  
On-pile 
O f f  -pi le  
5 
4 
16 
2 
1 
5 
4 
8 
2 
10 
7.8 
1 .9  
0. 83d 
16.0 
1 . 4  
0. 51e 
3.5 
0. 3be 
7.2 
0. 38e 
1.1-28.0 
0.50-4.5 
0.13-4.4 
3.8-34.0 
0.44-2.3 
0.09-1.3 
0.89-12 
0.03-1.3 
1.6-22 
0.06-1.4 
0.2-0.4 
0.02 
0.4 
0.01-0.02 
0.03-0.06 
0.01 
1.1 
0.01 
W. S i l l ,  Health Phys. 17, 77-88 (1969); Evaluation of Radon-222 Near Uranium 
.blic Health Service, Bureau of Radiological Health, Rockville, Md. (March 1969). 
I above surface of ground o r  t a i l i n g s  once every 3 weeks during a calendar year. 
hecked a t  AEC Health Services Laboratory a t  Idaho F a l l s  and F'HS Southwestern 
ory a t  Las Vegas. 
minescent dosimeter 3 f t  above ground o r  t a i l i n g s  a t  one or two on-pile s t a t ions  
;ations.  
L 5 miles from s i t e  = 0.79 pCi / l i t e r .  
tnd for region. 
, 
I I 
a 
Table 9.28. Radon Concentrations i n  A i r  over U r a n i u m  M i l l  Tail ings 
Rad0 n -2 2 2 
M i l l b  (10-9 p c i / d  or pCi/ f i t e r  of a i r )  
B 4.5 
C 2.8 
G 8.1 
H 6.5 
I 6.8 
J 0.8 
K 29.6 
L 1.8 
D 2.4 
%. B. Harris, A. J. Breslin,  H. Glaubeman, and M. S .  Weinstein, 
Arch. Ind. Health 20, 374 (1959). 
b 
M i l l  code r e fe r s  t o  d i f f e ren t  m i l l s  from those i n  t h e  Spring 1973 
survey. 
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Table 9.29. Diffusion Coefficients f o r  Radon i n  Various Media" 
- 
Effective Diffusion Coefficient 
Void Fraction Y 
Moisture De/V 
Content 
Me dim (% 1 (cm2/sec) 
A i r  
Water 
S and 
Fine quartz 
Building sand 
(1.40 g/cm3, 3% voids) 
Fine quartz 
Fine quartz 
Fine quartz 
Soi l s  
Granodiorite 
Yucca Flatsb (25% voids) 
Metamorphic rock 
Granite 
LOamS 
Varved clays 
Mud (1.57 g/cm5) 
Mud (1.02 g/cm3) 
Concrete, 5% voids C 
? 
100 
0 
4 
a. 1 
15.2 
17 
? 
? 
? 
? 
? 
? 
37.2 
85.5 
1.0 to 1 .2E-1  
1.13E-5 
6.83-2 
5.4E-2 
5.OE-2 
1.OE-2 
5.OE-3 
4.5E-2 
3.63-2 
i . 8 ~ - 2  
i . 5 ~ - 2  
a. OE-3 
7.OE-3 
5 73-6 
2 . 2 ~ - 6  
3.43-4 
a 
A. B. Tanner, "Radon Migration i n  the  Ground," i n  The Natural Radiation 
Environment, J. A. S. Adams and W. M. hwder, Eds., published f o r  Rice 
University by University of Chicago Press, Chicago, 1964, p. 166. 
bH. W. Kraner, G. L. Schroeder, and R. D. Evans, "Measurements of the  
Effects of Atmospheric Variables on Radon-222 Flux and Soil-Gas 
Concentrations,'' The Natural Radiation Environment, op. c i t . ,  p. 210 
M. V. J. Culot, H. G. Olson, and K. J. Schrager, Radon Progeny Control 
i n  Buildings (F ina l  Report on EPA Grant R O I  EC00153 and AEC Contract 
C 
S t a t e  University, Fort  Collins, Colorado (May 
I 
Table 9.30. Physical Properties of Uranium M i l l  Tail ings 
g Tail ings Void 
Medium Fraction (cm3 of medium) 
0.36 1.62 a Acid leached sands, Grand Junction, Colo. 
Acid leached t a i l i n g s ,  Powder River Basin, 
wyomingb 0.37 1.67 
Alkaline leached t a i l i ngs ,  M a l ,  Utah' 0.47 1.377 
%. V. J. Culot, H. G. Olson, and K. J. Schiager, Radon Progeny Control i n  
Buildings (F ina l  Report on EPA Grant R O 1  EC00153 and AEC Contract AT(ll-1)-2273), 
Colorado S ta t e  University, Fort  Collins,  Colorado (May 1973), p. 78. 
bHumble O i l  and Refining Co. (now the  Exxon Co. ), Mineral Dept., Applicant's 
Response Agency Comments on Draft Statement Highland Uranium Mill, DOCKET 
40-8102 (Aug. 28, 1972), Exhibit 111, pp. 1, 2. 
C Rio Algom Corp., Applicant's Supplemental Environmental Report Operating Ecense 
Stage f o r  U r a n i u m  Concentrates, DOCK32 40-8084 (Nov. 1971), Appendix M. 
Table 9.31. Di f f i s ion  Theory Prediction of Attenuation i n  Radon Emanation from Tailings 
P i les  by Various Covers" 
%) - e- fix x Attenuation, n 
Fine Quartz Mud, 
Sand, 37% Building Sand, Yucca F l a t s  
Mo i st ur e, Depth of Cover 4% Moistwe, Soil, 15% Moisture, Varved Clay, 
f t  cm e e -0.00764~ e -0 .0173~  e - 0 . 6 1 ~  - 0 . 0 1 4 5 ~  e -0 .00623~ 
1/2 15 0.91 0.89 0.80 0.76 1 . B - 4  
1 . 2 ~ - 8  30 0.83 0.79 0.64 0.59 
3 91 0.57 0.49 0.27 0.21 
5 152 0.39 0.31 0 .11  0.07 
10 305 0.15 0.10 0 . 0 1  5 .D-3  
20 610 0.022 9.53-3 1.5E-4 2 . 6 ~ - 5  
40 1,219 5.OE-4 9.OE-5 2.13-8 6 . 8 ~ 4 0  
1 
2 61  0.69 0.63 0.41 0.35 8 . 5 ~ - 1 7  
a Diffusion constants from Table 9.29. 
1 
I 
,¶ c i 
- O R E  --+EGq+ FINE ORE BIN] 
I 
ROD MILL 
GRINDER 
W AT E R ‘-1 
FLOCCULANT 
SOLVENT 
ORNL DWG. 73-9951 
SULFURIC ACID r 
- 4 COUNTER CURRENT DECANTATION EXTRACTOR 
I -WATER. r A M I N E .  KEROSENE . A L C O H O L  
YELLOW C A K E  Y E L L O W  C A K E  
D R Y E R  4 PAC KAG IN G 
Fig. 4.1. Flowsheet for Model Acid Leach--Solvent Extraction Uranium Mill. 
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Fig. 4.3. Radwaste Treatment Systems for Model Acid- and Alkaline- 
Leach Uranium M i l l  - Case 1, Base Case, Current Pract ice .  
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Fig .  4.4. Radwaste Treatment Systems for Model Acid- and Alkaline- 
Leach Uranium Mill - Case 2, Used Currently on a Limited Basis. 
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Fig. 4.5. Radwaste Treatment Systems for Model Acid- and Alkaline- 
Leach Uranium M i l l  - Case 3. 
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Fig. 4.6. Radwaste Treatment Systems for  Acid Leach--Solvent 
Extraction Uranium M i l l  - Cases 4a and 4b. 
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Fig .  4.7. Radwaste Treatment Systems for Alkaline-Leach Uranium 
M i l l  - Cases 4a and 4b. 
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Fig. 4.8. Radwaste Treatment Systems f o r  Acid Leach--Solvent 
Extraction Uranium Mill - Case 5.  
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Fig. 4.9. Radwaste Treatment Systems f o r  Alkaline-Leach Uranium 
Mill - Case 5. 
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Fig. 4.10. Radwaste Treatment Systems f o r  Acid Leach--Solvent 
Extraction Uranium M i l l  - Cases 6a and 6b. 
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Fig. 4.11. Radwaste Treatment Systems for Alkaline-Leach Uranium 
- Cases 6a and 6b. 
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Fig. 4.12. n i t r i c  Acid Flowsheet and Radwaste Treatment Systems 
f o r  Uranium Mill - Case 6c .  
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Fig. 4.13. Radwaste Treatment Systems for Acid Leach--Solvent 
Extraction Uranium Mill - Case 7. 
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Fig. 7.4. I n i t i a l  and Steady-State Conditions of Water Flow from 
a Seepage Pond. 
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Fig. 7.5. Concentration Contours Showing Decreasing Concentration 
Outward from a Seepage Pond for a Q of 100. The f i r s t  contour beyond 
t h e  boundary of the  p i t  represents 5q0 of the concentration i n  the  p i t  
and the  second contour represents 10% of the  p i t  concentration. 
elapsed time i s  5 years ( top)  and 20 years (bottom). 
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Fig. 7.6. Concentration Contours Showing Decreasing Concentration 
The f i r s t  contour beyond Outward from a Seepage Pond for a Q of 1000. 
t he  boundary of t h e  p i t  represents 50% of the concentration i n  the p i t  
and the second contour represents 10% of t he  p i t  concentration. 
elapsed time i s  5 years ( top )  and 20 years (bottom). 
The 
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Fig. 8.1. Tota l  Annual Cost f o r  Reduction of Maximum Annual Dose 
(100% Food Ingestion) from Airborne Effluents from an Acid Leach-- 
Solvent Extraction M i l l  and Tailings P i l e  i n  New Mexico. 
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Fig. 8 .2 .  Tota l  Annual Cost f o r  Reduction of Maximum Annual Dose 
(1OC% Food Ingest ion)  from Airborne Effluents from an Alkaline-Leach 
Mill and Tailings P i l e  i n  New Mexico. 
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Fig. 8.3. Total  Annual Cost f o r  Reduction of  Maximum Annual Dose 
(100% Food Ingestion) from Airborne Effluents from an Acid Leach-- 
Solvent Extraction M i l l  and Tai l ings P i l e  i n  Wyoming. 
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Fig. 8.4. Total  Annual Cost f o r  Reduction of Maximum Annual Dose 
(lOO$o Food Ingest ion)  f r o m  Airborne Effluents f r o m  an Alkaline-Leach 
Mill and Tai l ings P i l e  i n  Wyoming. 
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Fig. 8.5. Annual Cost f o r  Reduction of Maximum Annual Dose (10% 
Food Ingestion) from Airborne Effluents from an Acid Leach--Solvent 
Extraction M i l l  i n  New Mexico - Mill Processes Only (Tailings not 
included). 
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Fig. 8.6. Annual Cost f o r  Reduction of Maximum Annual Dose from 
Airborne Effluents from a Stabi l ized Tailings Pile a t  an Acid Leach-- 
Solvent Extraction M i l l  and an Alkaline-Leach M i l l  i n  New Mexico. 
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Fig. 8.7. Annual Cost fo r  Reduction of Maximum Annual Dose from 
Airborne Effluents from a Stab i l ized  Tailings P i le  at an Acid Leach-- 
Solvent Extraction M i l l  and an ALkaline-Leach M i l l  i n  Wyoming. 
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Fig. 8.8. Annual Cost f o r  Reduction of Loss of Soluble Radium 
i n  Seepage from a Tailings Pond at  an Acid Leach--Solvent Extraction 
Mill and an Alkaline-Leach Mill i n  New Mexico. . 
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Fig. 8.9. Annual Cost fo r  Reduction of Loss of Soluble Radium 
i n  Seepage from a Tailings Pond a t  an Acid Leach--Solvent Extraction 
Mill and an Alkaline-Leach M i l l  i n  Wyoming. 
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Fig. 8.11. Annual Cost fo r  Reduction of Leaching of Radium from 
a S tab i l ized  Tailings P i l e  a t  an Acid Leach--Solvent Extraction and 
Alkaline-Leach Mill i n  Wyoming. 
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